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Free-living amoebae (FLA) are unicellular organisms that can survive in soil, 
air and water, and mostly feed on bacteria. FLA have been isolated from 
natural environments, as well as man-made spaces. Amoeba-resistant 
bacteria (ARB) have adapted to not be digested by these amoebae, but 
rather increase in virulence before causing the amoebae to lyse, thereby 
escaping into the surrounds in increased numbers. FLA and ARB are made 
up of both pathogenic and non-pathogenic species. Some non-pathogenic 
species may, however, pose a health risk to immunocompromised 
individuals. 
 
The aim of this study was to investigate the microbiological quality of 
groundwater used by workers living in farming communities in two provinces 
in South Africa, with specific focus on the occurrence of free-living 
amoebae, amoeba-resistant bacteria, and other possible emerging 
bacteria. All collected water and biofilm samples were tested by using 
standard microbiological methods to determine genus and species, as well 
as their antibiotic-resistance profiles. Both 16S rRNA and 18S rRNA PCR 
and sequencing were used to confirm the organisms isolated.  
 
Seven informal settlements spread across two northerly provinces in South 
Africa were included in the study; of these areas, 85 households agreed to 
participate in the study. The participants would collect water each day 
(sometimes a few times per day) in a 20-litre plastic container from either a 
communal tap, fed by a borehole, a windpump, large Jo-Jo water tanks, or 
a borehole pump. With no municipal water supply, the area uses the 
groundwater collected for drinking, cooking and washing. Over a period of 
five months, water samples were taken from within the households. A 
sample of one litre was taken from the stored water in the house. After the 
intervention, which entailed five settlements receiving Potters for Peace 
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ceramic filter units in month three, filtered water was also sampled from 
each household. 
 
Results showed many FLA in both the stored as well as the filtered water. 
Our hypothesis was also proved to be correct when the amoebae were 
isolated and specific organisms were grown on selective media from inside 
them. This points to the Trojan-horse theory, whereby amoebae serves as 
host for the organisms inside, where they multiply and grow. 
 
The feedback from the study participants regarding the filter units supplied 
were positive, saying that the water looked, smelled and tasted better after 
filtration. However, the laboratory results showed that, in most cases, the 
filter water had just as many amoebae and bacteria present as the stored 
water.  
 
This study proved that amoebae serve as hosts for amoeba-resistant 
bacteria and created a good baseline for future microbiological groundwater 
studies in South Africa. Knowing what to expect in terms of FLA and 
bacteria, other studies can now investigate the impact of different seasons, 
rainfall patterns and how groundwater recharge affects the microbiome of 
the aquifers. 
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Every year, diarrhoeal diseases lead to 1.7 billion cases of childhood 
infections and 525,000 deaths of children under the age of five years. Many 
of these diseases can be eliminated by the drinking of safe water, and 
proper sanitation and hygiene practices (WHO, 2018).  
One of the Millennium Development Goals (MDG’s) was to halve the 
number of people without access to safe drinking water (United Nations, 
2000). This target has reached more people than initially set out to help and 
it was achieved ahead of time. After the success of the MDG’s, the United 
Nations designed and implemented the Sustainable Development Goals 
(SDG’s). SDG number six aims to “ensure universal access to safe and 
affordable drinking water for all by 2030” (United Nations, 2015). This is a 
mammoth task, made even more difficult with statistics ranging from the fact 
that 663 million people globally are still without an improved drinking water 
source (although, since 1990, 2.6 billion people have gained access), nearly 
1000 children die daily due to preventable diseases caused by unsafe water 
and poor sanitation, up to 80% of wastewater from human activities are 
currently discharged into waterways without prior pollution removal, and 
climate change is becoming an increasingly important factor - with more 
than 40% of the global population affected by water scarcity (SDG report, 
2018). 
Free-living amoebae (FLA) have been isolated from natural- (water, air and 
soil) as well as man-made sources (cooling towers, tap water and air-
conditioning units) (Molmeret et al., 2005). Amongst the most common FLA 
are Acanthamoeba spp. (species), causing amoebic keratitis (AK), 
granulomatous amoebic encephalitis (GAE); nasopharyngeal and 
cutaneous infections (Bonilla-Lemus, et al., 2010); and Naegleria spp. being 
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the causative agent of primary amoebic meningoencephalitis (PAM) 
(Özçelik et al., 2012).  
The broader public have recently learnt from newspaper- and TV news 
headlines about “brain-eating amoebae” (Naegleria fowleri) claiming the 
lives of young people after exposure to natural bodies of water (Heggie, 
2010), or persons using neti pots without sterilizing the water before use 
(Yoder et al., 2012). Few people are aware that misuse of contact lenses 
may lead to blindness if Acanthamoeba spp. are introduced into the eye 
(Moore et al., 1985). Balamuthia mandrillaris infections are lesser known 
but range from severe cutaneous infections to fatal encephalitis (with >98% 
mortality rate) (Matin et al., 2008). FLA cannot be placed into one category, 
as they are part of a large polyphyletic group, with organisms ranging from 
non-pathogenic to pathogenic; preying on both immunocompromised and 
immunocompetent individuals (Schuster & Visvesvara, 2004) and still 
evolving. 
FLA do not only act as pathogens (Özçelik et al., 2012), they also serve as 
environmental reservoirs for certain bacteria (Molmeret et al., 2005). These 
organisms are referred to as amoebae-resistant bacteria (ARB), due to their 
ability to resist the amoebal microbicidal mechanisms (Greub & Raoult, 
2004) and live inside the amoebae that protect them from disinfection 
agents (Thomas et al., 2004). To date, well over a hundred ARB’s have 
been isolated. Some examples include Legionella pneumophila, 
Mycobacterium spp., Escherichia coli, Salmonella spp., Shigella spp., 
Pseudomonas aeruginosa and Listeria monocytogenes (Greub & Raoult, 
2004) to name a few. 
Some ARB may be very difficult to isolate and grow from clinical samples 
and FLA have been found to enhance the antimicrobial properties of the 
organisms, thus impacting the treatment regimens prescribed (Barker et al., 
1995; Winiecka-Krusnell & Linder, 2001; Maurin et al., 2002; La Scola et al., 
2003; Huws et al., 2006; Neidig et al., 2013; Tosetti et al., 2014; Machio et 
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al., 2015). Bacterial biofilms are also known to be almost impossible to 
disinfect and are another source of antibiotic resistance in clinical settings 
as well as most water systems (Brown & Barker, 1999; Berry et al., 2006; 
Taylor et al., 2009; Bridier et al., 2011; Garcia-Contreras et al., 2013). 
1.1 Study motivation 
In South Africa, all municipal water must conform to the South African 
National Standards, or SANS 241. The standards were implemented to 
monitor and safeguard water systems and ensure safe drinking water for all 
users. Unfortunately, South Africa is a large country and many communities 
do not fall within the 92.5% of households with improved water sources 
(StatsSA, 2016). According to the World Health Organization, an “improved 
drinking water source is a source that, by nature of its construction, 
adequately protects the water from outside contamination, particularly from 
faecal matter. Common examples include: piped household water 
connection, public standpipe, borehole, protected dug well, protected spring 
or rainwater collection” (WHO, 2011). Improved water sources do not 
necessarily mean safe water sources – as chemical and/or microbial 
contamination may be present (Bain et al., 2012). 
Furthermore, boreholes in South Africa do not have to be registered, but the 
groundwater use is registered (if less than 10,000 litres per day is used, no 
registration is needed) (National Water Act, 1998). As a result, very few 
boreholes for domestic use are registered, tested and maintained. This is 
mainly due to the high cost to test and maintain the borehole, the sheer 
number of boreholes, and being so widely dispersed (WHO, 2017). 
Borehole owners may request water testing from reputable laboratories to 
make sure their water conform to SANS 241 if the purpose of the water will 
be mainly as drinking water source. The National Water Act of 1998 advise 
testing boreholes at least once per year. However, this is not enforced by 
any authority in South Africa (National Water Act, 1998). 
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Many studies on groundwater have been undertaken in South Africa, with 
investigations ranging from governance (Pietersen et al., 2012), 
vulnerability (Musekiwa & Majola, 2011), recharge (Harris et al., 2010), 
hydrochemical characteristics (Adams et al., 2001), uranium contamination 
(Winde & Van der Walt, 2004) to the fluoride levels and health impacts 
thereof (Ncube & Schutte, 2005), groundwater recharge (Xu & Beekman, 
2003; Harris et al., 2010), quality management of groundwater (Love et al., 
2004), groundwater management (Wright, 2000; Pietersen, 2006; Knüppe, 
2011), groundwater use by invasive species (Dzikiti et al., 2012; Chamier et 
al., 2012), urban groundwater studies (Nyenje et al., 2010; Sorensen et al., 
2015), acid mine drainage and groundwater chemistry as a whole 
(McCarthy, 2011; Shabalala & Nyabeze, 2015; Kut et al., 2016; Elumalai et 
al., 2017; Harkness et al., 2018) to list a few. 
A few South African studies have looked at the microbial quality of 
groundwater, and all focussed mainly on indicator bacteria prevalence, 
including total coliforms and faecal coliforms. Each study also added other 
organisms to their testing, these were: heterotrophic bacterial counts 
(Mackintosh & Colvin, 2003; Lehloesa & Muyima, 2000; Bessong et al., 
2009), E. coli and faecal Streptococci (Lehloesa & Muyima, 2000), Vibrio 
spp., Shigella spp. and Salmonella spp. (Bessong et al., 2009), faecal 
Enterococci, somatic coliphages and Clostridium perfringens (Potgieter et 
al., 2006).  
Amoebal testing in groundwater was limited to testate amoebae (Thomas & 
Phillips, 1979; Ashley et al., 2013) rather than naked amoebae, as is the 
focus of this study. In 2003, Momba and Notshe tested the groundwater for 
faecal coliforms and heterotrophic plate count (HPC) organisms specifically; 
three years later, testing was done for E. coli, S. typhimurium and  
V. cholerae in the same area as the 2003 study – a rural area in the Eastern 
Cape province (Momba & Notshe, 2006). This group then tested the efficacy 
of colloidal silver water filters in that area, focussing on E. coli,  
S. typhimurium, S. dysenteriae and V. cholerae (Mpenyana-Monyatsi et al., 
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2012). All these studies gave some insight into which bacteria to expect 
from groundwater in rural areas. However, prevalence of amoebae were 
also not investigated in these studies.  
In a study by Carstens et al. (2014), amoeba-resistant bacteria (ARB) were 
investigated as well as HPC, and their antibiotic resistance profiles, but the 
samples were from boreholes, monitored by the Department of Water 
Affairs, that are not used by the public as drinking water. No mention of 
amoebae was made in this study, the results concentrated on the ARB’s. 
Not as pristine as previously thought, borehole water may act as a catch-
tray for all the chemicals, microbes and other contaminants that are used 
above the ground and may have health implications. This led the 
researchers to ask the question, what is in our groundwater? Specifically, 
are there amoebae and bacteria present, if so, which kind and how many? 
Of the bacteria found, what are their antibiotic-resistance profiles? Will a 
simple, affordable ceramic filter be able to impact on the microbial water 
quality? 
Therefore, this study was undertaken to determine whether improved water 
sources available to rural communities were of a standard good enough to 
promote health and sustain good sanitation practises.  
1.2 Aim of study 
This study aimed to determine the occurrence of free-living amoebae (FLA), 
amoebae-resistant bacteria (ARB) and other possible emerging pathogens 
in groundwater sources and household-treated (by means of a ceramic 
filter) water samples. To achieve this aim, the following objectives were 
formulated to investigate:  
1. Isolate and characterise FLA and ARB from all samples collected, 




2. Use molecular methods (PCR and 18S/16S rRNA sequencing) to 
confirm the microorganisms isolated.  
3. Assess the antibiotic resistance and susceptibility patterns of ARB 
isolates. 
4. Determine whether the treatment by ceramic filters has any effect on 























This chapter will present a thorough background on current literature of  
free living amoebae (FLA) - both pathogenic and non-pathogenic -; amoeba 
resistant bacteria (ARB) in general, their co-occurrence and interaction with 
FLA, as well as standard methods used. Focus will then shift to emerging 
pathogens, as well as their antibiotic resistance profiles, their possible uses 
outside of health-care, and how all of these factors come together in the 
selected study sites, along with the possible health implications; and lastly, 
groundwater as a safe water source; more specifically, in the South African 
context, will be investigated. 
2.1 Free-living amoebae (FLA) 
In a review published in 2001, Winiecka-Krusnell & Linder explains that the 
term “free-living amoebae” (FLA) does not necessarily represent a 
taxonomic category, but rather shows a group of distantly related organisms 
which have been included in this group based on their behavioural and 
morphological resemblance (Winiecka-Krusnell & Linder, 2001). FLA are 
ubiquitous and have been isolated from many natural sources such as 
freshwater, salt water, dust, air and soil (Rodriguez-Zaragoza, 1994; 
Marshall et al., 1997). 
Winiecka-Krusnell and Linder (2001) points out the important role FLA play 
in nutrient and energy turnover in nature, by acting as bacterial population-
controlling predators and studies have shown that FLA contribute to plant 
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growth, nutrient cycles and soil mineralisation by feeding on microbes 
(Rodriguez-Zaragoza et al., 2005; Schmitz-Esser et al., 2008).  
FLA often lives at water-soil, water-air and water-plant interfaces as well as 
on biofilm, because some species are able to swim due to their flagellar 
stage, while others have to attach to particulate matter in the water in order 
to feed (Rodriguez-Zaragoza, 1994; Greub & Raoult, 2004). Plants allow 
the growth of a variety of bacteria and fungi (acting as plant parasites), the 
plant-soil interface is where amoebae feed on these parasites (Rodriguez-
Zaragoza, 1994). In the early 19th century, studies showed that protozoa 
were mainly limited to the top 20 cm of the soil layer (Sandon, 1927). 
Sandon’s study showed that the population of protozoa was at a maximum 
at a depth of 12.5 cm with a drastic decrease in protozoa in lower depths, 
with as little as one amoeba per gram of soil (Sandon, 1927).  In 1998, a 
study focussed on protozoa in layers deeper than 20cm to find answers 
relating to the organic contamination of groundwater; this particular study 
found very high numbers of flagellates, nano-flagellates and naked 
amoebae at depths of 20 meters underground (Kinner et al., 1998). Loret & 
Greub (2010) collated data from recent studies and found that, of those 
specific studies, 62% of surface waters and 71% of ground water samples 
contained FLA; the concentrations of FLA in the surface waters were 
generally higher than in groundwater. Many marine amoebae can survive in 
a wide range of salinity, even fresh water; but nominally freshwater 
amoebae cannot tolerate increased salinity and nominally marine amoebae 
have never been isolated from freshwater sources (Smirnov, 2007).  
FLA are not only present in natural sources, but have also been isolated 
from anthropogenic ecosystems, such as cooling towers, air-conditioning 
units, tap water, hospital water reservoirs and humidifiers (Hoffmann & 
Michel, 2001; Thomas et al., 2006, 2008; Corsaro et al., 2009; Muchesa et 
al., 2015), where they feed on the microbial biofilm present in the systems 
and in doing so, they are important in controlling microbial communities 
(Rodriguez-Zaragoza, 1994; Molmeret et al., 2005).  
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There are mainly two morphological forms in the amoebal life-cycle, namely 
the trophozoite – which is the dividing form and, initially thought to be the 
infective stage; and the cysts – which are dormant and act to protect the 
organism from harmful environments, but have also been proven to be 
infective, as seen in Entamoeba histolytica (Girdwood, 1995). Some 
amoebae are non-cyst forming; these include Amoeba and Mayorella 
(Greub & Raoult, 2004). Both trophozoites and cysts are uni-nucleate, but 
bi-nucleate trophozoites have been detected (Sriram et al., 2008); Sappinia 
is such an example, with two nuclei close to one another (Michel et al., 
2006). Naegleria fowleri also has an additional flagellate stage; the cyst, like 
the other genera, is resistant to environmental stress, but more fragile than 
that of Acanthamoeba (Visvesvara et al., 2007). The trophozoite of  
N. fowleri moves quickly by producing lobopodia at its front end and moving 
with slug-like movements (Visvesvara et al, 2007). 
Lobosean amoebae show much diversity in their broad, blunt pseudopodia 
(Sleigh, 1973) that assist in motion of the organism, as well as in 
phagocytosis (Shanan et al., 2015). Other forms of pseudopodia, within the 
amoeboid protozoa, include 1) needle-shaped, slender filopodia,  
2) unbranched axopodia and 3) slender, repeatedly branching and 
anastomosing reticulopodia (Sleigh, 1973). When looking at amoebal 
movement by means of a light microscope, the flowing of cytoplasm can be 
seen by the movement of “granules”, such as vacuoles, mitochondria and 
other crystalline structures – these movements and their mechanisms are 
varied and diverse (Sleigh, 1973). Lobose pseudopodia have a cytoplasmic 
interconversion between the ectoplasmic gel and endoplasmic sol of the 
cell; where sol forms in areas of withdrawal and gel forms in areas of 
extension (Sleigh, 1973). Small amoebae, such as Naegleria, Entamoeba 
and Hartmannella (later changed to Vermamoeba) usually have only one 
pseudopodial lobe at any time; this lobe is formed in a sudden burst, rather 
than a smooth movement (Sleigh, 1973).  
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FLA were regarded as harmless inhabitants of their aquatic and terrestrial 
environments for many years. However, this perception changed after proof 
of their pathogenicity to man, as well as experimental and wild animals 
(Martinez & Visvesvara, 1997). Schuster, in his 2002 review of amoebae, 
notes that many free-living amoebae will be recognised as opportunistic 
infectious agents due to the fact that the immunocompromised population 
is ever growing (Schuster, 2002).  
2.1.1 Acanthamoeba species 
Acanthamoeba trophozoites measure 8-40 µm and the cysts between 8 and 
29 µm (Trabelsi et al., 2012). The genus used to be classified into three 
groups, based on morphology and behaviour, but that was found to be a 
flawed system and Acanthamoeba are now classified by genotype, based 
on 18S rRNA sequencing; there are currently 17 genotypes identified, each 
with 5% or more divergence between the different genotypes (Trabelsi et 
al., 2012). The majority of human infections can be associated with the T4 
genotype (Kahn, 2006); other pathogenicities are also linked to only some 
genotypes (Trabelsi et al., 2012). These genotypes can be found in the 
literature: T1-T12 (Stothard et al., 1998), T13 (Horn et al., 1999), T14 (Gast, 
2001), T15 (Hewett et al., 2003), T16 (Corsaro & Venditti, 2010) and T17 
(Nuprasert et al., 2010). Marshall et al. (1997) lists a host of sources for 
Acanthamoeba spp., namely: tap, fresh, bottled and mineral water; soil, dust 
and air; contact lens solutions; sewage; heating, ventilation or air-
conditioning units; dialysis machines and dental units; hot tubs and 
gastrointestinal washings. 
Acanthamoeba species infect the central nervous system (CNS) and 
causes granulomatous amoebic encephalitis (GAE); persons contracting 
these infections are immunocompromised hosts that predispose them to 
opportunistic infections (Schuster, 2002). Entry of the amoebae can be 
either through a break in the skin, through the respiratory tract or intranasal 
– which leads to amoebae going directly into the CNS. In the cases of 
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amoebae entering through skin or the respiratory system, amoebae spread 
to the CNS by means of the circulatory system (Schuster, 2002). 
Acanthamoeba spp. can also cause amoebic keratitis (AK). The first case 
of Acanthamoeba keratitis was reported in 1974 and it was initially thought 
to be a very rare form of infectious keratitis, following trauma to the eye 
(Mutoh et al., 2010). A steep increase in the incidence of AK among contact 
lens wearers occurred during the 1980’s and the association was then made 
between contact lenses and Acanthamoeba (Hirst et al., 1984; Moore et al., 
1985). At first, disposable contact lenses were thought to be safe, but AK 
has also occurred in persons wearing disposable lenses (Mutoh & Ishibashi, 
2000; Niyadurupola & Illingworth, 2006). AK can be caused by improper 
contact lens hygiene or trauma to the corneal surface, thankfully, the 
infections are localised and spread to the CNS have not yet been reported 
(Schuster, 2002).  
AK occurs in immunocompetent individuals and can lead to loss of sight (Da 
Rocha-Azevedo et al., 2009). Cutaneous acanthamoebiasis has also been 
reported, but more frequently in HIV-positive patients (Da Rocha-Azevedo 
et al., 2009). Cerebrospinal fluid is not a usual habitat for Acanthamoeba, 
the amoebae are more likely to be found in brain tissue or skin lesions. 
Strains responsible for causing AK are isolated from scrapings of the cornea 
(Schuster, 2001). Viruses have also been isolated from Acanthamoeba sp., 
namely: echo-virus (Schuster & Visvesvara, 2004), mimi-virus (Suzan-Monti 
et al., 2007) as well as adeno- and coxsackie viruses (Lorenzo-Morales et 
al., 2007). 
2.1.2 Balamuthia species 
Balamuthia trophozoites are large, between 50-60 µm, and their cysts are  
12-30 µm with triple layered cell walls (Trabelsi, et al., 2012). Balamuthia 
infections have been reported in both immunocompromised as well as 
immunocompetent individuals (Schuster, 2002). Little is known about the 
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route of entry for this organism and they are mostly recovered from the 
brains of their hosts by post mortem investigation (Schuster, 2002). 
B. mandrillaris is the only species of Balamuthia known to cause human or 
animal infection (Da Rocha-Azevedo et al., 2009). Balamuthia is an 
opportunistic pathogen and can infect persons regardless of their immune 
status or age (Da Rocha-Azevedo et al., 2009). Da Rocha-Azevedo et al. 
(2009) suggests the portal of entry may be via nasal passages, cutaneous 
lesions or inhalation. The amoebae will then migrate via a haematogenous 
route, but the source and mode of infection has not been definitely 
determined. These organisms are very difficult to isolate and culture 
(Dunnebacke et al., 2004). 
2.1.3 Entamoeba histolytica 
In 2013, a 16-month old boy was diagnosed with meningoencephalitis when 
2+ motile trophozoites of Entamoeba histolytica were discovered in his 
cerebrospinal fluid sample. This was also the first case of E. histolytica that 
presented without the formation of liver- and brain abscesses. The young 
boy was successfully treated with intravenous metronidazole (Goh & 
Marrone, 2013). Liver abscesses occurs most frequently in high amoebic 
endemicity (such as India and Mexico) and are usually single abscesses 
found in the right lobe (in over 75% of cases), jaundice is unusual 
(Girdwood, 1995).  
As long ago as 1986, it was estimated that 10% of the world population are 
infected and that E. histolytica causes approximately 50,000 deaths per 
annum (Girdwood, 1995). E. histolytica is transmitted in the cystic stage, via 
the faecal-oral route (direct waterborne transmission is rare); this explains 
why the organism is found worldwide, but especially in areas with poor 
sanitation (Girdwood, 1995). 
Most of E. histolytica infections are asymptomatic, but patients can present 
with symptoms such as colic-like pains and tenderness in the abdominal 
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region - this is a result from acute dysentery – whilst fever and leukocytosis 
are suspected features, it has never been seen in patients with amoebiasis 
(Girdwood, 1995).  
The incubation period cannot be defined accurately, as the earliest 
symptoms may occur 7-10 days after ingestion, but other patients may have 
incubation extend into years (Girdwood, 1995). Intestinal amoebiasis is 
usually diagnosed by detecting trophozoites in freshly voided faeces by 
means of microscopy, or by cysts, which can be seen in stool for a few days 
(Girdwood, 1995). 
2.1.4 Naegleria fowleri 
Currently, there are 30 known species of Naegleria (Trabelsi et al., 2012). 
The trophozoites measure 10-25 µm and the cysts 8-20 µm; the pear-
shaped flagellate stage ranges between 10-16 µm (Trabelsi, et al., 2012). 
Naegleria fowleri is the causal agent of most primary amoebic 
meningoencephalitis (PAM) infections, this is a fatal infection of the central 
nervous system (CNS), but other Naegleria species have also been found 
to be pathogenic – N. australiensis and N. italica (Schuster, 2002). Many 
factors, namely rapid onset, destructive nature of disease, delayed 
diagnosis and the lack of effective antimicrobials, all contribute to the fatality 
of this disease (Schuster, 2002). N. fowleri is most commonly seen infecting 
healthy persons (Schuster, 2002). 
According to a review by Da Rocha-Azevedo et al. (2009) N. fowleri 
infection occurs when amoebae attach to the olfactory mucosa after 
travelling through the nasal passages and then migrates through the 
cribiform plate alongside the olfactory nerves. Death occurs within 7-10 
days because the amoebae divide rapidly after reaching the olfactory bulbs 
of the brain. N. fowleri causes a rapid, sudden and severe haemorrhagic 
necrosis of the brain (Martinez, 1993; Martinez & Visvesvara, 1997).  
N. fowleri is usually isolated from the patient’s cerebrospinal fluid sample 
but can also be found in brain tissue; specifically, the olfactory lobes when 
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investigating biopsy or autopsy material (Schuster, 2002). Only the 
amoeboid form of this organisms is found in tissues (Trabelsi et al., 2012). 
Marshall et al. (1997) states that soil is the preferred environment for  
N. fowleri, but heavy rains and run-offs introduces the organism to surface 
waters, lakes and ponds. Schuster names swimming pools with inadequate 
chlorination, thermally polluted water-body and natural or man-made lakes 
as usual habitats for N. fowleri, where the amoebae can feed on bacteria 
(Schuster, 2002). 
2.1.5 Sappinia species 
Currently, there are only two species of Sappinia known, namely:  
S. pedata and S. diploedea (Visvesvara et al., 2007). Their trophozoite sizes 
ranges widely from 40-80 µm and their double-walled cysts are 18-25 µm, 
with nuclear pores (Trabelsi et al., 2012). An article published in 2001 
identified Sappinia diploedea as the cause of human amoebic encephalitis; 
with entry via the respiratory tract (Gelman et al., 2001). The patient 
recovered and thus it was assumed that this amoeba is less virulent than 
others mentioned above (Gelman et al., 2001). In a later study, the 
causative agent in the Gelman study, with the use of PCR techniques, was 
found to be S. pedata – visible features are very similar to those of  
S. diploedea (Qvarnstrom et al., 2009). Previously, S. pedata had only been 
recovered from environmental sources and herbivore faeces, thus never 
associated with human infection (Qvarnstrom et al., 2009). 
Table 2.1 is a summary of a few cases of FLA found in natural and man-
made environments. Table 2.2 compares a number of amoebae and their 
pathogenic capabilities; it shows that amoebal infections tend to infect both 
immunocompromised, as well as immunocompetent individuals, depending 
on the species. Table 2.3 shows a few examples from the literature of 
amoebal infections reported on from around the world. Organisms in Tables 
2.1 - 2.3 are listed as Hartmannella spp. as they were reported in the 
referenced journal article. In 2011, Smirnov et al. changed the official 
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classification from Hartmannella vermiformis to Vermamoeba vermiformis. 
All other Hartmannella species remain in that genus. In the chapters to 
follow in this dissertation, it is important to point out that the organism will 
be refered to as the organism listed in the referenced journal article. 
 
2.2 Amoeba-resistant bacteria (ARB) 
FLA feed by phagocytosis and engulf bacteria as a food-source; as such 
they act as predators which control bacterial populations. The preferences 
of these amoebae may result in a perceived altered prevalence of specific 
bacterial species. Often, the host cell (amoeba) is destroyed, as some 
internalised bacteria avoid phagosomal lysis and retain their intracellular 
viability, causing infection. A symbiotic relationship may evolve if the 
amoebal cell’s defence mechanisms are either impaired or inefficient, 
allowing the bacteria to persist internally (Winiecka-Krusnell & Linder, 
2001). 
In isolates retrieved from man and the environment, intra-amoebal bacteria 
were found with equal frequency (Winiecka-Krusnell & Linder, 2001). In 
1980, Rowbotham found that FLA may serve as natural hosts for Legionella 
pneumophila, and the risk connected with regard to the amoebic 
endosymbionts could no longer be ignored (Rowbotham, 1980).  
The specificity and selectivity of endosymbiotic relationships are not yet well 
understood – it seems that receptor-specific recognition takes place; 
mismatched amoeba-bacteria pairs are not able to establish the 
endosymbiotic relationship (Gautom & Fritsche, 1995). 
FLA feed on smaller organisms, such as bacteria, algae and fungi and 
therefore live close to biofilms harbouring these organisms (Rodriguez-
Zaragoza, 1994). Some organisms, termed amoeba-resistant bacteria 
(ARB) are not internalised and digested inside the phagolysosome as it 
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normally occurs with other organisms; if, however, they are internalised, the 
ARB are able to survive, grow and exit the FLA (Molmeret et al., 2005). 
Some ARB has been shown to survive encystation by amoebae and are 
protected of unfavourable conditions until the conditions improve and the 




Table 2.1 Occurrence of FLA in natural and man-made environments.  





















t River water 
Germany Acanthamoeba, Naegleria, Hartmannella Hoffman & Michel, 2001 
USA 
Acanthamoeba, Naegleria, Hartmannella, 
Vahlkampfia, Vanella 
Ettinger et al., 2003 
Bulgaria Acanthamoeba, Hartmannella Tsvetkova et al., 2004 
River water & sand filtration units France Acanthamoeba, Naegleria Thomas et al., 2008 
Raw surface water 
Spain Acanthamoeba, Echinamoeba, Vanella, Naegleria Corsaro et al., 2009 
Spain Acanthamoeba, Naegleria, Hartmannella Corsaro et al., 2010 
Lake environment 
Austria Acanthamoeba Heinz et al., 2007 
Switzerland Naegleria, Hartmannella Gianinazzi et al., 2009 
Soil 
Iran Acanthamoeba Rahdar et al., 2012 
Israel 
Vahlkampfia, Naegleria, Willaertia, Tetramitus, 
Paratetramitus, Adelphamoeba 

























Contact lens use, associated with tap water  
Japan  Acanthamoeba Mutoh et al., 2010 
USA Acanthamoeba Booton et al., 2009 
Mexico Acanthamoeba Bonilla-Lemus et al., 2010 
Brazil Acanthamoeba Carvalho et al., 2009 
Tap water 
Turkey Acanthamoeba, Naegleria, Hartmannella Özçelik et al., 2012 
USA Acanthamoeba, Vahlkampfia, Naegleria Marciano-Cabral, et al., 2010 
Household plumbing (fatal case study) USA Hartmannella, Vanella, Naegleria Yoder et al., 2012 
Recreational areas - fountains, pools & artificial lakes Iran Acanthamoeba, Hartmannella, Vanella Nazar et al., 2012 
Hot water in hospital network Germany 
Hartmannella, Echinamoeba, Saccamoeba, 
Vahlkampfia 
Rohr et al., 1998 
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Table 2.3 Published studies of amoebal infections in humans. 
Organism Disease caused Country Fatal References 
Acanthamoeba 
spp. 
Encephalitis Belguim Yes Meersseman et al., 2007 
Acanthamoeba 
lenticulata 
Acanthamebiasis France Yes Barete et al., 2007 
B. mandrillaris Amoebic Encephalitis Portugal Yes Tavares et al., 2006 
B. mandrillaris Meningoencephalitis South-East 
Asia 
No Intalapaporn et al., 2004 
B. mandrillaris Granulomatous 
Amoebic Encephalitis 
Chile Yes Oddo et al., 2006 
B. mandrillaris Meningoencephalitis The Gambia Yes Van der Beek et al., 2015 
V. vermiformis Keratitis Iran No Hajialilo et al., 2015 
N. fowleri Primary Amoebic 
Meningoencephalitis 
USA Yes Cope et al., 2016 
N. fowleri Primary Amoebic 
Meningoencephalitis 
Pakistan Yes Shakoor et al., 2008 
N. fowleri Meningoencephalitis Italy Yes Cogo et al., 2004 
Naegleria spp. Primary Amoebic 
Encephalitis 
Madagascar No Jaffar-Bandjee, 2005 
Greub et al. (2004) claims that “free-living amoebae may be considered as an 
evolutionary crib for potential emerging human pathogens”. This statement was 
made after the results of a study on how the interaction of M. avium can 
enhance the virulence of environmental amoebae, showed that growth of  
M. avium in amoebae enhanced the entry into both macrophages and 
amoebae (Cirillo et al., 1997). This further proves that adaptation to living inside 
a human macrophage can be acquired after exposure to FLA (Greub et al., 
2004), as macrophages are amoeboid cells and can potentially allow amoebal 
pathogens to become human pathogens (Moliner, 2010).  
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Interactions between FLA and mycobacteia allows us to better understand the 
mechanisms allowing mycobacteria to resist human macrophages (Unal & 
Steinert, 2006; Hilbi et al., 2007). Mycobacterium xenopi is able to survive and 
multiply within A. polyphaga trophozoites (Drancourt et al., 2007) and was seen 
to replicate as much as 10-fold in 48 hours within peripheral macrophages of 
humans (Swords et al., 2006). Twenty genes that were found to be up-
regulated in trophozoites, were also up-regulated in human macrophages – 
they encoded for protein transcription and translation, metabolic pathways and 
macromolecule degradation (Tenant & Bermudez, 2006). 
Barker & Brown (1994) have suggested that amoebae act as “Trojan horses” 
of the microbial world. Because of this role that amoebae can play, clinical 
microbiologists have found that amoebae can aid in organism transmission, 
adaptation of the organism to macrophages and even play a role in selecting 
specific virulence traits (Greub & Raoult, 2004). 
Many amoebae have been named as probable hosts for ARB; within these, 
Acanthamoeba seems the most universal host to pathogenic ARB (Loret & 
Greub, 2010). This may, however, be untrue, as the preferred organism in co-
culture studies is also Acanthamoeba (Loret & Greub, 2010). Hartmannella, 
Naegleria and Saccamoeba may also serve as hosts for ARB (Winiecka-
Krusnell & Linder, 2001; Greub & Raoult, 2004; Thomas et al., 2010). 
ARB have been isolated from nasal mucosa in humans and have been shown 
to spread to the lower respiratory tract in many cases and cause disease, being 
adapted to intracellular life (Greub et al., 2004). Drancourt et al. (2007) showed 
that M. xenopi survived protozoan (A. polyphaga) encystment and germination 
and thus takes advantage of the host cell to act as food source but also as a 
shield for resisting anti-microbials in the water. They also showed that some 
bacteria resist uptake into macrophages and amoebae, but organisms selected 
by amoebae tend to be pathogenic. Interaction between M. avium and 
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environmental amoebae enhanced the virulence of M. avium (Cirillo et al., 
1997). Thomas & Ashbolt (2010) again confirmed this fact by saying when 
amoeba-resisting microorganisms lyse FLA and are released, their virulence 
genes are up-regulated and are more virulent than before FLA passage. 
The risk of intra-amoebic endosymbionts was largely disregarded, until 
Rowbotham (1980) showed that FLA may be natural hosts for Legionella 
pneumophila. This endosymbiotic relationship is still not well understood, but 
receptor-specific recognition seems to occur and if amoebae-bacteria pairs are 
mismatched, they will be unable to create such a relationship (Gautom & 
Fritsche, 1995). When L. pneumophila replicates within FLA, there is a marked 
increase in resistance to high temperature, acidity and high osmolality that may 
allow its survival in the environment (Abu Kwaik et al., 1998). These  
L. pneumophila isolates were also more resistant to biocides and chemical 
disinfection when compared to bacteria grown in vitro (Barker et al., 1992; 
Barker et al., 1993; Barker et al., 1995). These experiments (Molmeret et al., 
2005) also found protozoa to release vesicles, small enough to inhale, that 
contain many L. pneumophila bacteria. These vesicles are resistant to 
sonication and freeze-thawing, with the bacteria inside being resistant to 
biocides (Abu Kwaik et al., 1998). Molmeret et al. (2005) also found that the  
L. pneumophila released by protozoa has drastic increase in infectivity of 
mammalian cells in vitro.  
Intracellular L. pneumophila within H. vermiformis was shown to be drastically 
more infectious and highly lethal in mice (Brieland et al., 1997). Usually, the 
number of bacteria isolated from the source of Legionnaire’s disease infections 
is very low or undetectable – the enhanced infectivity of intracellular  
L. pneumophila in protozoa may compensate for the low infectious dose 
(O’Brien & Bhopal, 1993). 
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The main virulence system of L. pneumophila is the Dot/Icm (Defective in 
organelle Trafficking or Intracellular Multiplication) type IV secretion system 
(T4SS) (Vogel et al., 1998; Segal et al., 1998). This system is ancestrally 
related to the system that mediates the conjugal DNA transfer between bacteria 
(Christie & Vogel, 2000). L. pneumophila most likely uses this to evade 
endocytic fusion by using this transporter to transfer macromolecules into host 
cells (Roy & Tilney, 2002). L. pneumophila that is T4SS-deficient have been 
shown to be avirulent in animal models (Marra et al., 1992) – although the 
function of these Dot/Icm proteins are not yet completely known, it was present 
in all tested Legionella spp. (Alli et al., 2007). 
It was found that approximately 20-24% of clinical and environmental 
Acanthamoeba isolates were harbouring intracellular bacteria (Trabelsi et al., 
2012). Loret & Greub (2010) believes that FLA enhance the multiplication as 
well as dissemination of pathogenic bacteria belonging to a whole host of 
families, including Legionellaceae, Mycobacteriaceae, Enterobacteriaceae, 
Vibrionaceae and many others. Bacteria residing inside amoebae have been 
recovered in equal numbers from organisms isolated from both human and 
nature (Winiecka-Krusnell & Linder, 2001). Although there are currently 46 
known ARB (Greub & Raoult, 2004), this study have only focused on seven 
(sections 2.2.1 and 2.2.2). This choice to focus on seven specific organisms 
were influenced by a seminal review article by Greub and Raoult (2004) in 
which they delve into the microorganisms resistant to FLA. Using that article as 
a starting point, other articles from the South African context was used to 
complete the picture. Many studies look for indicator organisms (mainly 
coliforms and E. coli specifically), but also add a few other bacteria. Momba et 
al. (2006) investigated E. coli, Salmonella typhimurium and Vibrio cholerae in 
drinking water sources. Obi et al. (2002), focused on Salmonella spp., Shigella 
spp. and Vibrio spp. in river water; and also added antibiotic sensitivity testing 
to the same organisms in 2004. River water was also the sample of choice 
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when Momba and Kaleni (2002) tested for E. coli and Salmonella spp. All of 
these ARB seemed to be worth investigating, as local- (Carstens et al., 2014; 
Muchesa et al., 2017) and international studies (Wang et al., 2012; Delafont et 
al., 2013) have found them to be present in a multitude of water sources. 
Another important organism mentioned by Greub & Raoult (2004) and Salah et 
al. (2009) is Mycobacterium spp., as they have been found to use FLA as a 
training-ground for increasing their resistance – not only in FLA, but in human 
macrophages too. 
2.2.1  Agents causing lung- and/or disseminated diseases 
2.2.1.1 Legionellaceae 
In July of 1976, the first recognised outbreak of Legionella pneumophila 
occurred in Philadelphia (United States of America) among 180 people 
attending the 56th Annual Legion Convention; 29 patients died, and the disease 
became known as Legionnaires’ disease. The source of infection was later 
found to be the air-conditioning system in the hotel (Fraser et al., 1977; Abu 
Kwaik et al., 1998). After the outbreak, guinea pigs were infected with post 
mortem lung tissue from the patients with the fatal Legionnaires’ disease, after 
which embryonated yolk sacks were inoculated with spleen homogenates from 
the guinea pigs, and in January 1977, they isolated a Gram-negative bacterium 
and it was designated as L. pneumophila (McDade et al., 1977; Abu Kwaik et 
al., 1998). Legionella spp. are Gram-negative, facultative, intracellular bacteria 
that are ubiquitous in freshwater – despite its fastidious nature (Fliermans et 
al., 1981) as well as man-made water systems (Wadowsky et al., 1982; 
Colbourne & Dennis, 1985; Lau & Ashbolt, 2009). The multiplication of this 
organism in water systems poses a potential threat to human health when 
aerosolisation can occur (Fields, 1996; Kuiper et al., 2004). The inhalation of 
aerosols (<5 µm) filled with numerous infectious bacteria, results in human 
infection with Legionella spp. (Fields et al., 2002). 
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Legionellosis has two clinically distinct forms: Legionnaires’ disease, which 
causes a severe pneumonia (Tsai et al., 1979) and Pontiac Fever, a milder 
self-limiting illness (Glick et al., 1978; Lau & Ashbolt, 2009). Legionella 
pneumophila serogroup 1 is the causative agent in at least 70% of all 
Legionnaires’ disease case in the United States of America and Europe, 
making it the most clinically relevant and well-studied species in the genus 
(Benin, et al., 2002; Yu et al., 2002; Lau & Ashbolt, 2009). Legionella 
pneumophila has also been found to be the causative agent of nosocomial 
pneumonia and community-acquired pneumonia (Stout & Yu, 1997; La Scola 
et al., 2001). In 1993, undescribed Legionella spp. that were pathogens of FLA, 
were reported (Rowbotham, 1993). As a group, these organisms were 
originally described as Legionella-like amoebic pathogens (LLAPs) as they 
were able to multiply in the cytoplasm of amoebae but were difficult to culture 
on media specifically tailored for the cultivation of Legionella spp. (Newsome, 
et al., 1998). 
Many Legionella spp. show similar pathology; this includes heavy inflammatory 
infiltrate (consisting of neutrophils and macrophages), necrosis, abscess 
formation and inflammation of small blood vessels (Winn & Myerowitz, 1981; 
Lau & Ashbolt, 2009). The inhalation of contaminated aerosols from sources 
such as cooling towers, showers and taps and aspiration of contaminated water 
exposes individuals to Legionella spp. (Bornstein et al., 1986; Breiman et al., 
1990a, 1990b). 
In 1980, Rowbotham reported the growth of L. pneumophila within 
Acanthamoeba and Naegleria as a method of enrichment for environmental  
L. pneumophila strains (Rowbotham, 1980; Lau & Ashbolt, 2009). Rowbotham 
proposed several ways in which to use amoebae to isolate Legionella spp. from 
clinical samples: 1) to increase the number of Legionella spp. within the 
specimen, 2) to protect Legionella from harmful substances, and 3) to enable 
the isolation of Legionella via micromanipulation (Rowbotham, 1983). The fact 
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that L. pneumophila cells grown within amoebae are more infectious than the 
L. pneumophila grown in broth for macrophage-like cell lines, suggested that 
L. pneumophila genes needed for human infection are activated inside the 
amoebae (Cirillo et al., 1994; Polesky et al., 2001). 
2.2.1.2 Mycobacteriaceae 
The epidemiology of Mycobacterium avium has been compared to that of 
Legionella pneumophila because both organisms are widespread in aquatic 
environments, including drinking water systems (Steinert et al., 1998).There 
are well-known pathogenic species of mycobacteria, such as Mycobacterium 
tuberculosis and Mycobacterium leprae, but a very large number of non-
tuberculous mycobacteria (NTM) have also been described; this group is 
generally not considered obligate human pathogens but they will cause disease 
in certain instances, such as immunodeficiency conditions (Thomas & 
McDonnell, 2007). 
Non-tuberculous mycobacteria have a very large presence in natural 
environments, but they have also been detected in drinking water distribution 
systems all over the world (Collins et al., 1984). Water is a very important mode 
of transmission for non-tuberculous mycobacteria (Adékambi et al., 2006) this 
is based on the fact that several outbreaks of mycobacterial disease in 
hospitals have occurred due to contaminated water supply systems (Griffith et 
al., 1993). Infections were quite diverse, ranging from life-threatening 
pneumonia in patients with artificial ventilation, cystic fibrosis (Olivier et al., 
2003), and chronic granulomatous disease (Wallace Jr. et al., 2002); outbreaks 
of skin infection following liposuction (Meyers et al., 2002); furunculosis after 
domestic footbaths (Vugia et al., 2005); mastitis after body piercing (Trupiano 
et al., 2001); and abscess formation in intravenous drug users (Galil et al., 
1999; Adékambi et al., 2006). 
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In the last few years, reported numbers of NTM have increased drastically, 
mainly due to the improved culture and identification techniques, but also 
because of immunodeficient people who are at great risk of opportunistic 
infections (Hanna et al., 1999). An NTM is usually considered pathogenic if it 
is isolated 1) repeatedly from different samples during several weeks or in large 
amounts, 2) in the presence of a co-existing bronchopulmonary disease, or  
3) when the clinical presentation and X-ray pattern is suggestive 
(pseudotuberculosis) (Griffith et al., 1993; Adékambi et al., 2004). 
Mycobacteria are highly hydrophobic and as a result, they easily attach to 
surfaces or are phagocytosed by protozoa or macrophages; with FLA acting as 
a reservoir for mycobacteria, this could explain why the fastidious organism is 
found in such large numbers and widespread areas in the environment 
(Eddyani et al., 2008). In a study done in 2007, focussing on outbreaks of 
Mycobacterium xenopi in contaminated water, as well as a link to FLA and 
biofilm interaction in water systems; intra-amoebal uptake and multiplication of 
M. xenopi was observed using light microscopy and electron microscopy, also 
found was a drastic increase in the ration of M. xenopi: A. polyphaga DNA 
copies in the absence of amoebal lysis (Drancourt et al., 2007). This same 
study revealed that M. xenopi appeared to be intravacuolar and replicates 
within the vacuoles. Drancourt, and colleagues also observed that M. xenopi 
remained viable within the A. polyphaga cyst and could escape A. polyphaga 
after excystment (Drancourt et al., 2007).  
The amoebal co-culture method seems to be useful in studying viable but non-
culturable organisms, such as mycobacteria, that is detected in high numbers 
in biofilm and aerosols, but a high proportion cannot be cultivated by 
conventional methods (Angenent et al., 2005; Thomas & McDonnell, 2007). 
Cirillo et al. (1997) found that mycobacteria cultured into amoebae were better 
able to survive within macrophages and that interaction of M. avium with 
environmental amoebae enhances virulence (Adékambi et al., 2006). 
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2.2.2 Agents causing diarrhoeal diseases 
Diarrhoea is one of the leading causes of death in children under the age of 
five, amounting in approximately 15,000 deaths per day (WHO, 2018). Sub-
Saharan Africa has the highest mortality rate for this age group, with one in 
thirteen children dying before their 5th birthday; this is 14 times higher than in 
high-income countries (WHO, 2018). Currently, at least 2 billion people globally 
uses a faecal-contaminated drinking water source (WHO, 2018). This 
contaminated water can transmit diseases including diarrhoea, typhoid, polio, 
dysentery and cholera; this type of water is estimated to cause more than 
500,000 diarrhoeal deaths annually (WHO, 2018). 
2.2.2.1 Vibrionaceae 
Cholera is an acute diarrhoeal disease that affects hundreds of thousands of 
people every year, where severe dehydration and electrolyte imbalance may 
occur due to continuous diarrhoea and in 50% of cases, this can be fatal if left 
untreated (Kelvin, 2011). Vibrio cholerae, the causative agent of cholera is 
transmitted by faecal-contaminated food or water (Kelvin, 2011). Mild or 
asymptomatic infections are much more common than severe cholera - for 
each case of severe cholera, there are 30-100 mild or asymptomatic cases; a 
rather high infectious dose is needed to cause severe illness in healthy 
individuals (Shultz et al., 2009). In a 2005 paper, Matz et al. refers to work done 
in 1994 by Colwell and Huq, stating that toxigenic and non-toxigenic strains of 
V. cholerae are natural inhabitants of aquatic ecosystems, and this provides 
the environmental reservoir for virulent V. cholerae strains (Colwell & Huq, 
1994; Matz et al., 2005). 
Grazing by small heterotrophic flagellates and bacterivorous protists (protozoa) 
has been suggested to control the numbers of Vibrio spp. in the natural 
bacterioplankton community (Matz et al., 2005). Matz & Kjelleberg believe that 
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bacterial pathogens, such as Vibrio cholerae, has to employ defensive 
strategies to survive protozoan grazing, as high elimination rates of V. cholerae 
suggest a control of growth and survival by protozoan grazing (Matz & 
Kjelleberg, 2005). Matz et al. (2005) found that the biomass in  
V. cholerae biofilm remains stable, but the planktonic cells are rapidly 
eliminated, which shows the importance of surface-associated growth for the 
environmental survival of V. cholerae. The V. cholerae bacteria can enter a 
viable but non-culturable (VBNC) state when deprived of nutrients or the 
organisms are in stressful environmental conditions (Sharan et al., 2011). 
V. cholerae occurs in both epidemic and pandemic forms (Kaper et al., 1995; 
Faruque et al., 1998), with the first epidemic recorded in 1817 (Pollitzer, 1959). 
The organism has since then been classified into serogroups, according to their 
somatic antigens (O-antigens) and there are currently 206 serogroups 
identified (Yamai, 1997). It was thought that the O1 serogroup included all 
endemic- and epidemic cholera, until the O139 group emerged in 1992 and 
was shown to be the very first non-O1 serogroup responsible for large 
outbreaks of cholera (Cholera Working Group, 1993; Ramamurthy et al., 1993). 
In a study by Abd et al., 2009, they reported that the capsule of V. cholerae 
O139 contributes to the effective adherence on the human intestinal mucosa 
(Yamamoto et al., 1994) and to partial resistance to phagocytosis (Albert et al, 
1999). It is also known that the mannose-sensitive haemagglutinin fimbriae of 
V. cholerae O139 contribute to its attachment to plankton in aquatic habitats 
(Chiavelli et al., 2001). Bacteria possessing mannose-sensitive fimbriae are 
able to adhere to acanthamoebae or leukocytes (Lock et al., 1987). 
V. cholerae have been reported to have multiple-drug-resistant species, 
recorded more than a decade ago (Kelvin, 2001). A recent study was done in 
a Cholera-endemic setting in India investigating the dosage of the oral cholera 
vaccine; regardless of dosage intervals, the vaccine proved to have a definite 
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protective value (more so in children than in adults) (Kanungo et al., 2015). 
Currently, there are two oral cholera vaccines. Both types include killed 
pathogenic strains of the organism: 1) O1 with whole-cell with B-subunit 
(subunit of cholera toxin) and 2) O1 and O139; the protection ranges between 
66-67% for up to two years after vaccination starts (Wierzba, 2019). 
In 1998, the World Health Organisation (WHO) reported 293,121 cases of 
cholera and 10,586 deaths globally, Africa accounted for 72% of those cases 
(WHO, 1999). In that same year, South Africa and Mozambique experienced a 
V. cholerae O1 outbreak, thought to all be a single strain (according to PCR 
testing) (Dalsgaard et al., 2001) and with resistance to clinically relevant 
antibiotics such as chloramphenicol, furazolidone, tetracycline and 
trimethoprim (Dalsgaard et al., 2001). In 2010, Okoh & Igbinosa (2010) found 
antibiotic resistant Vibrio spp. in wastewater effluent in rural South Africa. This 
time, the organisms were resistant to gentamicin, chloramphenicol, ampicillin, 
tetracycline, nalidixic acid, sulfamethoxazole, trimethoprim, streptomycin and 
cotrimoxazole. Madoroba & Momba (2010) also found V. cholerae in river water 
in Mpumalanga, South Africa, but it was proven that the strains were non-
toxigenic and non-O1, indicating environmental V. cholerae strains. 
2.2.2.2 Enterobacteriaceae 
a) Salmonella spp. 
Salmonella enterica is a Gram-negative bacterium responsible for causing 
gastroenteritis and typhoid disease; S. enterica serovar Typhi is the primary 
cause for typhoid fever, salmonellosis or Salmonella-induced food poisoning is 
caused by non-typhoidal Salmonella strains (Hallstrom & McCormick, 2011). 
Salmonella disease is primarily spread by the ingestion water or food which is 
contaminated with faecal matter from infected hosts; the disease can be self-
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limiting, or prolonged complications can be caused (Graham et al., 2000). 
Salmonellae have also been isolated from the environment, where their habitat 
is shared with protozoa, other bacteria and plants (Tezcan-Merdol et al., 2004). 
Salmonella is among the world’s most common causes of food-borne infectious 
disease; a variety of food products - especially meat and poultry products - are 
the most important sources of human infection, but waterborne outbreaks also 
occur (D’Aoust, 1989; Baird-Parker, 1990). Salmonella may survive in water for 
several months (Murray, 1991), but there are a few problems regarding the 
detection of Salmonella in water, such as their low numbers and intermittent 
presence (D’Aoust, 1989). Waage et al. (1999) developed a procedure which 
combined enrichment with a nester PCR assay for the specific detection of 
Salmonella in areas where low numbers can be expected. 
Stecher et al. (2007) demonstrated that S. typhimurium is capable of 
manoeuvring through the microbiome to reach the intestinal epithelial cells; 
their data also showed that S. typhimurium uses inflammation to outcompete 
host microbiota in mouse models of salmonellosis. When the organisms 
colonise the intestine, they may penetrate the epithelium and Peyer’s patches, 
spread to the mesenteric lymph nodes and access the spleen and liver via a 
haematogenous route, where they replicate within macrophages (Jones et al., 
1994; Jensen et al., 1998). 
There is currently one vaccine available for Salmonella, it protects only for 
Salmonella typhi and is a Ty21a live-attenuated and Vi capsular polysaccharide 
vaccine (MacLennan et al., 2014). Unfortunately, this vaccine does not protect 
young children, which is the group with the highest burden of Salmonella 
infections – in sub-Saharan Africa, invasive non-typhoidal Salmonellae are 
mostly responsible for infections, mainly serovars Typhimurium and Enteritidis 
(MacLennan et al., 2014). 
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Between 2013 and 2015, seven foodborne outbreaks in South Africa led to 2 
fatalities and 39 Salmonella serovar Enteritidis isolates, tested by the Centre 
for Enteric Diseases; food ranged from goat meat to chicken feet, cooked by 
families for themselves, or catering for large groups of people at functions 
(Muvhali et al., 2017). In another outbreak, Salmonella enterica serovar 
Heidelberg caused 92% of acute gastroenteritis cases in 164 school children, 
after being exposed to the organism by eating food provided by the school’s 
feeding scheme; samp that was poorly stored and prepared was the vector for 
the infectious agent (Motladiile et al., 2019). 
 b) Shigella spp. 
In 1896, Kiyoshi Shiga discovered Shigella dysenteriae type 1, the first species 
of Shigella that was isolated (Niyogi, 2005). Organisms belonging to the genus 
Shigella are small, unencapsulated, non-motile, Gram-negative, non-
sporulating facultative anaerobic bacilli belonging to the family 
Enterobacteriaceae (Niyogi, 2005). 
Humans have been found to be the only natural hosts for Shigella (Niyogi, 
2005). The incidence of shigellosis has been found to be highest among 
children ages 1-4 years old, across the world; but during S. dysenteriae type 1 
epidemics, all age groups are equally affected (Niyogi, 2005). The importance 
of dysentery as a problem in developing countries has increased due to the 
fact that invasive bacterial enteropathogens such as Shigella cannot benefit 
from oral rehydration therapy like other diarrhoeal diseases causing 
dehydration (Kotloff et al., 1999). 
In 1989, DuPont et al. discovered that a very low infectious inoculum was 
needed, as few as 10 organisms; this makes Shigella highly contagious 
(DuPont et al., 1989). Diarrhoeal disease is a leading cause of morbidity and 
mortality across the world and is ranked fourth as a cause of death; it is ranked 
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second as a cause of “years of productive life lost due to premature mortality 
and disability” (Kotloff et al., 1999). The faecal-oral route is the predominant 
mode of transmission and persons with diarrhoeal symptoms are primarily 
responsible for transmission; the organism survives rather poorly in the 
environment, but transmission can also be related to contaminated food, water 
or fomites (Niyogi, 2005).  
The incubation period for Shigella spp. is 1-4 days but can be as much as eight 
days for S. dysenteriae (Levine et al., 1973). Shigella infection is usually limited 
to the intestinal mucosa, because of the ability of the Shigella to invade and 
colonise the intestinal epithelium (Niyogi, 2005). Shigellosis, also known as 
acute bacillary dysentery, is an invasive infection and affects a spectrum of 
clinical presentations, from watery diarrhoea that doesn’t last very long to 
inflammatory bowel disease; clinical disease presents with symptoms such as 
fever, malaise, fatigue and anorexia (Niyogi, 2005). In healthy individuals, 
episodes of shigellosis are usually self-limited and will be resolved within 5-7 
days; but in malnourished infants and young children living in developing 
countries, life-threatening complications can occur, such as dehydration, 
hyponatraemia and hypoglycaemia – also intestinal complications, such as 
intestinal perforation, rectal prolapsed and toxic megacolon (Niyogi, 2005). 
Niyogi states that according to Sansonetti (1992) the pathogenic mechanism 
of shigellosis is complex and a good example of multiple gene actions; he 
divides the process into four stages: 1) cell invasion, 2) intracellular 
multiplication, 3) intra- and intercellular spread, and 4) host cell killing 
(Sansonetti, 1998; Niyogi, 2005). Even as early as 1936, Shiga had 
reservations about the efficacy of vaccines for the control of enteric diseases 
and rather pointed out the importance of improvements in public health 
practices for their control (Shiga, 1936). Many other authors have also noted 
that vaccine development has been hampered by three factors, namely, 1) the 
ineffectiveness of parentally injected inactivated whole-cell vaccines which 
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lead scientists to believe that serum antibodies do not confer immunity (Formal 
et al., 1967), 2) the lack of a suitable animal model (Robbins et al., 1992) and 
3) only indirect evidence of immune mechanisms in humans (Robbins et al., 
1992; Cohen et al., 1997; Niyogi, 2005). 
The emergence and spread of antibiotic resistance cause serious problems in 
antimicrobial treatment worldwide (Huruy et al., 2011). Even as recent as the 
1990’s, very few options exist to treat multi-resistant Shigella infections; 
especially in developing countries where cost and practicality are important 
considerations (Kotloff et al., 1999). 
When looking at Shigella spp. in the South African context, the studies done 
seem very few when compared to the numbers of Shigella infections in 2017. 
In that year, 757 cases of non-invasive Shigella were reported and 51 invasive 
(GERMS-SA Annual Report, 2017). Of all the age groups, 0-4-year olds had 
the highest amount of cases, with 345 non-invasive and 16 invasive Shigella 
infection cases; over 65 years only had 39 non-invasive cases and 2 invasive 
in the same year (GERMS-SA Annual Report, 2017). 
After a Shigella epidemic in the Kwazulu-Natal province of South Africa, 
Bhimma et al. (1997) published their findings of post-dysenteric haemolytic 
uraemic syndrome (HUS) in children. The mean age of the patients was  
3-years old and their complications after infection ranged from encephalopathy, 
convulsions, hepatitis and septicaemia. The outcome was poor for most of the 
children, with only 39.5% recovery, 9.9% impaired renal function, 32.1% 
chronic renal failure, 1.2% end-stage renal disease and 17.3% death (Bhimma 
et al., 1997). 
A study by Keddy et al. (2012) investigated systemic shigellosis in South Africa 
where the number of persons infected with human immunodeficiency virus 
(HIV) is high. Their main findings concluded that HIV-positive persons are more 
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likely to die from invasive shigellosis than HIV-negative persons. Another key 
finding was that older girls and women had a higher risk of exposure, as they 
are usually burdened with caring for sick family at home (Keddy et al., 2012).  
It is quite rare to have a Shigella infection cause bacteraemia, but it is far more 
likely in acquired immunodeficiency syndrome (AIDS) patients. A study by 
Davies & Karstaedt (2008) did a retrospective analysis on hospitalisation data 
ranging from 2003-2006 and compared it to 1996-1998 data from Soweto, 
South Africa. In that particular study, Shigella flexneri accounted for 88% of 
cases (Davies & Karstaedt, 2008). 
In 2010, a group characterised the Shigella species isolated from nine rivers in 
the North West province of South Africa. They recovered all four species of 
Shigella, namely: Shigella dysenteriae, Shigella flexneri, Shigella boydii and 
Shigella sonnei (Kinge & Mbewe, 2010). 
 c) Coliform bacteria 
Total coliform bacteria is the most basic indicator test used for bacterial 
contamination of a water supply, it gives a general indication of the sanitary 
condition of the water (New York State Department of Health, 2017). Two major 
groups have been identified, namely: total coliforms and faecal coliforms. The 
former includes bacteria found in soil, in water that has been influenced by 
surface water and in human or animal waste. The latter forms the group of the 
total coliforms that are considered to be present - specifically in the 
gastrointestinal tract and faeces of warm-blooded animals - because the origins 
of these coliforms are more specific than that of total coliforms, faecal coliforms 
are considered a more accurate indication of animal or human waste. E. coli is 




The spontaneous occurrence of coliform bacteria in chlorinated water sources 
is of great concern, because the current accepted chlorine levels are unable to 
eliminate coliforms and other microorganisms (Cotruvo, 1985; King et al., 
1988). Some researchers have shown that many coliforms survive standard 
chlorine treatment as chlorine-injured cells, with subsequent release in 
distribution systems (McFeters & Camper, 1983; King et al., 1988).  The study 
done by King et al. (1988) show that coliforms and pathogenic bacteria have 
increased resistance to free chlorine when ingested by protozoa; that same 
study showed that the bacterial isolates survived free chlorine residuals of 2 to 
10 mg/litre when they were inside protozoa – which is well above the 1 mg of 
free chlorine residual per litre shown to be 99% bactericidal to all free-living 
isolates studied (King et al., 1988). Also, in the King et al. study of 1988, they 
found that Citrobacter freundii, Enterobacter agglomerans, and Klebsiella 
pneumoniae were significantly more resistant to free chlorine residuals when 
ingested by amoebae.  
d) Escherichia spp. 
Escherichia coli and coliform bacteria are widely distributed in the environment 
and is also found in the faeces of humans and animals; therefore, the presence 
of coliforms (E. coli in particular) often indicates the presence of disease-
causing organisms and for this reason, the enumeration of E. coli organisms in 
water is increasingly used to assess water quality (Boubetra et al., 2011). But 
many studies have questioned the validity of E. coli being used as a faecal 
indicator by demonstrating E. coli’s ability to survive for long periods of time 
and growing in secondary habitats, such as soils (Byappanahalli & Fujioka, 
1998), sediments (Anderson et al., 2005), beach sands (Ishii et al., 2007) and 
aquatic vegetations (Byappanahalli et al., 2003). E. coli organisms from these 
sources may be transported in such water bodies when the conditions are 
favourable, this can complicate regulatory efforts as well as water quality 
monitoring (Goto & Yan, 2011). High genetic diversity generally improves the 
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ability of the organism to adapt to, as well as resist environmental changes; this 
may be the reason that E. coli is able to survive in various environments (Rauch 
& Bar-Yam, 2004). Recent studies have suggested that E. coli may enter a 
state where it is viable but non-culturable (VBNC), this occurs when the 
organism is subjected to sub-lethal stresses, such as changes in temperature, 
availability of nutrients, pH or exposure to chlorine; it is very important to 
monitor these VBNC organisms of E. coli O157:H7, because of the potential of 
water distribution to spread this pathogen (Liu et al., 2008). 
Six categories of diarrhoea-causing E. coli are recognised: enterotoxigenic  
E. coli (ETEC), enteroinvasive E. coli (EIEC), enterohaemmorhagic E. coli 
(EHEC), enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAggEC) 
and diffusely adhering E. coli (DAEC) (Willey et al., 2008). Enterotoxigenic  
E. coli (ETEC) strains produce both distinct enterotoxins – distinguished by 
their heat stability: heat-stable enterotoxin (ST) and heat-labile enterotoxin (LT) 
and responsible for the characteristic watery diarrhoea (Willey et al., 2008). 
Enteroinvasive E. coli (EIEC) strains cause diarrhoea by penetrating and 
multiplying within intestinal epithelial cells – this ability is due to the presence 
of a large plasmid; EIEC may also produce a cytotoxin as well as an enterotoxin 
(Willey et al., 2008). Enteropathogenic E. coli (EPEC) strains cause a specific 
type of cell damage called effacing lesions by attaching to the brush border of 
the intestinal epithelial cells. The effacing lesions represent destruction of brush 
border microvilli adjacent to adhering bacteria, this cell destruction is the cause 
of diarrhoea (Willey et al., 2008). 
Enterohaemmorrhagic E. coli (EHEC) strains carry the genetic determinants 
for the shiga-like toxin; EHEC also produces effacing lesions which cause 
severe abdominal pain, cramps and haemorrhagic colitis, followed by bloody 
diarrhoea (Willey et al., 2008). Enteroaggregative E. coli (EAggEC) strains 
adhere to epithelial cells in a “stacked brick” appearance in localised areas; 
although conventional extracellular toxins aren’t found in EAggEC, the unique 
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lesions on epithelial cells suggests the involvement of toxins (Willey et al., 
2008). Diffusely adhering E. coli (DAEC) strains may have a yet-unidentified 
virulence factor; DAEC mainly cause disease in malnourished or 
immunologically naïve children when the organisms adhere over the entire 
surface of epithelial cells (Willey et al., 2008). 
2.3 Microbial adaptation and antibiotic resistance 
Spontaneous mutation, as well as horizontal gene transfer, infers resistance in 
different bacterial species (Read & Woods, 2014). Horizontal gene transfer has 
been shown in clinically important antibiotic resistance genes to cause 
resistance to spread from commensal and environmental species to 
pathogenic species (Frieri et al., 2017). Horizontal gene transfer was seen 
when Giardia lamblia and Entamoeba histolytica acquired genes from 
prokaryotes (Nixon et al., 2002; Loftus et al., 2005).  
The bacterium Wolbachia spp. can transfer genes or part of it’s genome to 
eukaryotic hosts – W. pipientis transferred genomic fragments >1Mbp (almost 
the entire genome) to <500bp onto the chromosomes of hosts, be it insects or 
nematodes (Kondo et al., 2002; Hotopp et al., 2007; Nikoh et al., 2008). When 
looking at the Gram-positive and Gram-negative bacteria, there are many 
differences, but is seems horizontal gene transfer is always conferred by 
plasmid-mediated transmission (Norman et al., 2009). 
In another example, the mimivirus genome has acquired so much genetic 
material from amoebae that it now represents approximately 10% of mimivirus 
genes (Filee et al., 2008; Moreira & Brochier-Armanet, 2008). Horizontal gene 
transfers such as these probably provide genes that allows for new bacterial 
species to be created, as well as a way to adapt to the intra-amoebal life, 
thereby increasing pathogenicity (Moliner et al., 2010). 
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There are many ways in which antibiotics can infer resistance and too many to 
discuss. Therefore, Table 2.4 concentrates only on the antibiotics which were 
tested for in this study and their modes of resistance is described. As seen in 
Table 2.4, antibiotic resistance can vary greatly. It is not a single method of 
resistance, and that is why there is no silver bullet with which to correct it. Many 
people ask the question: “how did we get to this point, so quickly?”. But it has 
been developing over many years; sulphonamide resistance was already 
reported in the second half of the 1930’s (Davies & Davies, 2010). Studies that 
may give insight into the future include Brochet et al., 2008 and Kashmiri & 
Hotchkiss in 1975, investigating the genetic route to enhanced antibiotic 
resistance by gene amplification in trimethoprim and sulphonamides, 
respectively. Random mutations in bacteria rarely cause bacterial divergence 
due to their stable genome (Vouga & Greub, 2016). Having said that, gene 
damage may be caused by exposure to antimicrobials or chemicals (Lashley, 
2004), which can cause a new disease by creating a drug-resistant version of 
the pathogen (Alcaïs et al., 2009).  
Eventually environmental bacteria will become natural reservoirs for various 
antibiotic resistance genes as antibiotic resistance increases through diffusion, 
migration ad transformation (Gao et al., 2018). The authors of that study also 
paint a bleak picture for the future when explaining that genetic pollutants have 
both “may be reproduced or transmitted” characteristics, as well as the 
environmental persistence, causing ecological damage on a scale far worse 
than chemical pollutants (Gao et al., 2018). Mainly because they are far more 
difficult to control and remove, and spreads more easily (Gao et al., 2018). 
Hospital wastewater is an important release source (Szekeres et al., 2017; Li 
et al, 2016), but other contaminants are able to leach into the groundwater 




Sir Alexander Fleming published his discovery of the first antibiotic in 1929 
(Fleming, 1980) and in 1945 he warned that an era of antibiotic abuse will 
ensue (Bartlett et al., 2013; Spellberg & Gilbert, 2014). This still rings true, as 
the CDC declared in 2013 that humans are now in a “post-antibiotic era” 
(Michael et al., 2014). 
Not only is antibiotic-resistance found in clinical settings but can also be seen 
in environmental bacteria (Devarajan et al., 2017) – this poses a threat to 
human health, as maintenance and spread of antibiotic-resistant genes can 
take place within these bacteria (Kummerer, 2004). An example would be 
Pseudomonas aeruginosa and its intrinsic resistance to sulfonamides, by 
means of an efflux pump (Kohler et al., 1996). These sulfonamide-resistant 
genes were recovered from effluent in a study by Devarajan et al., 2017, and 
could have occurred due to the unrestricted amounts of sulfa drugs introduced 
into the environment from both agricultural -, and clinical settings (Devarajan et 
al., 2017). This particular study also reported other MDR Pseudomonas spp. in 
aquatic environments from their specific study sites in the Democratic Republic 
of the Congo, Switzerland and India (Devarajan et al., 2017). 
A study focusing on children aged 4-12 months, living in the rural part of the 
Limpopo province of South Africa have identified antibiotic resistance in 
children with and without previous antibiotic exposure (De Francesco et al., 
2017). They tested stool samples of the children and found high resistance 
rates in co-trimoxazole (54%), penicillin (47.1%) and tetracycline (44.8%). In 
two samples, they discovered resistance to ESBL CTX-M-14 (De Francesco et 
al., 2017); with CTX-M-14 being an enzyme that infers resistance and is widely 
found with ESBL of E. coli (Bonnet, 2004). 
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Table 2.4 Modes of resistance for antibiotics used in this study (adapted from Zaman et al., 2017). 










Streptomycin Phosphorylation, acetylation, nucleotidylation, efflux pump, altered 
target Chloramphenicol 
Neomycin 
Glycopeptides Vancomycin Reprogramming peptidoglycan biosynthesis 
Tetracyclines Oxytetracycline Monooxygenation, efflux pump, altered target 
Macrolides Erythromycin Hydrolysis, glycosylation, phosphorylation, efflux pump, altered 
target 
Quinolones Ciprofloxacin Acetylation, efflux pump, altered target 
Pyrimidines Trimethoprim Efflux pump, altered target 





2.3.1 Biofilm formation 
Dr. Rodney Donlan, from the Biofilm Laboratory at the Centres for Disease 
Control and Prevention, explains biofilm formation in a more specific way 
as: “a microbially derived sessile community characterised by cells that are 
irreversibly attached to a substratum or interface or to each other, are 
embedded in a matrix of extracellular polymeric substances that they have 
produced, and exhibit and altered phenotype with respect to growth and 
gene transcription” (Donlan & Costerton, 2002). If the microbial community 
that is attached to a specific surface is termed “biofilm”, then the broader 
term “biofilm system” includes a few other components: 1) the surface that 
hosts the microorganisms, 2) available nutrients, 3) biofilm, and 4) the gas 
phase (if present) (Lewandowski, 2012). In industrial settings, the word 
“biofouling” can be used interchangeably with the term “biofilm” 
(Lewandowski, 2012). 
The theory of biofilm predominance was only promoted from 1978, even 
though Antonie van Leeuwenhoek examined the “animalcules” in plaque 
from his teeth as early as the seventeenth century (Costerton et al., 1978). 
This theory stated that planktonic bacteria differ vastly form the bacteria that 
grow in matrix-enclosed biofilm that adhere to nutrient-sufficient surfaces in 
aquatic ecosystems (Costerton et al., 1978).  
Over the past 40 years, many researchers have published data that has 
changed the definition of biofilm. In 1976, Marshall stated that bacteria were 
anchored to surfaces by means of “very fine extracellular polymer fibrils” 
(Marshall, 1976). Costerton et al. noted that a matrix material mediated 
adhesion; the bacteria attached to this “glycocalyx” matrix which is 
polysaccharide in nature (Costerton et al., 1978). In 1987, it was proven that 
biofilm consists of microcolonies as well as single cells embedded in an 
anionic exopolymer mix that is highly hydrated (Costerton et al., 1987). 




as well as spatial heterogeneity and the role of abiotic and inorganic 
substances in the biofilm matrix (Characklis & Marshall, 1990). 
In most biofilms, the microorganisms make up less than 10% of the dry 
mass and the matrix over 90%; this matrix is mostly produced by the 
organisms in which the biofilm bacteria are imbedded (Flemming & 
Wingender, 2010). This matrix is made up of extracellular polymeric 
substances (EPS), which are different types of biopolymers and are 
responsible for forming the 3-dimensional structure, as well as the cohesion 
and adhesion of the biofilm (Flemming & Wingender, 2010). Other functions 
of the EPS include: aggregation of bacterial cells, retention of water, to act 
as protective barrier, regulates enzymatic activity, nutrient source, 
exchange of genetic information, electron donor or acceptor, export of cell 
components, sink for excess energy, binding of enzymes, as well as 
sorption of organic- and inorganic compounds (Decho, 1990; Decho, 2000; 
Fleming & Wingender, 2002; Decho et al., 2005; Ortega-Morales et al., 
2006; Flemming & Wingender, 2010). EPS favours biodiversity by providing 
a diverse habitat for long-term survival of mixed species consortia and their 
mobillisation (Flemming & Wingender, 2010). Fleming and Wingender 
(2010) calls biofilm “the oldest, most successful and widespread form of life 
on Earth”. Biofilm evidence has been recorded in the fossil record, mainly 
in hydrothermal environments (Hall-Stoodley et al., 2004). Biofilm 
microcolonies found in South Africa dated back to 3.3-3.4 billion years ago 
(Westall et al., 2004) and filamentous biofilm discovered in Australian deep-
sea hydrothermal rocks have been calculated to be 3.2 billion years old 
(Rasmussen, 2000). Similar structures can be found today in the modern 
hydrothermal environment, i.e. hot springs (Reysenbach & Cady, 2001) and 
deep-sea vents (Taylor et al., 1999). Figure 2.1 shows a schematic drawing 




Figure 2.1 Biofilm formation, growth and dispersion (adapted from 
Harrison et al., 2005). 
Långmark et al. (2005) reported that the size of biofilm varies greatly and 
can range from a few cells and monolayers of 1-5 µm to thick films 
measuring more than a hundred micrometers. Naturally, the number of 
biofilm bacteria will differ in potable water distribution systems, but 
generally, they have found it to be approximately 107 cells per cm-2. The 
planktonic phase of microorganisms is more susceptible to disinfection and 
thus easier to remove (Simões et al., 2007). This is due to the different 
phenotypes expressed in bacteria when either in planktonic or biofilm form 
– the latter displays increased biocidal resistance (Nett et al., 2008; Smith 
& Hunter, 2008; Wong et al., 2010). Planktonic bacteria are usually 
categorised as resistant when it is not inactivated by a specific period of 
exposure or concentration of a chosen biocide, when other strains usually 
are inactivated (Langsrud, et al., 2003). Biofilm bacteria differ in that regard, 
as they are labelled resistant only when compared to their planktonic 




intrinsic or due to the acquisition of resistance genes (Langsrud, et al., 2003; 
Russell, 2003). 
In 2002, Donlan and Costerton identified three mechanisms responsible for 
resistance of biofilm to antimicrobials:  1) delayed penetration of disinfectant 
through biofilm matrix, 2) altered growth rate of biofilm organisms, and  
3) other physiological changes due to the biofilm mode of growth (Donlan & 
Costerton, 2002). Dr. Donlan highlights the impact of biofilm on public 
health, as these organisms have been shown to have quite a drastic 
decreased susceptibility to antimicrobials (Donlan, 2001). Later studies 
have also supported this, by finding antibiotic resistant bacteria spreading  
in water systems due to the depletion of disinfectants and the availability of 
nutrients, as well as good places to adhere to due to corrosion – these 
factors allow biofilm to grow and thrive (Li et al., 2015; Khan et al., 2016; 
Ling et al., 2016; Flemming et al., 2016). Mature biofilms allow for VBNC 
cells to form and persist in the most stressed areas of the biofilm 
(Ayrapetyan et al., 2015); this causes cells in biofilm to be far more antibiotic 
resistant than their planktonic counterparts (Dao et al., 2011). 
Discovered in the early 1980’s, biofilm in indwelling devices, such as cardiac 
pacemakers and intravenous catheters, were revealed by electron 
microscopy (Peters et al., 1982; Christensen et al., 1982; Marrie et al., 
1982). Investigating biofilm was first done by scanning electron microscope, 
but the dehydration process of the sample resulted in distortion and 
artefacts (Characklis & Marshall, 1990; Donlan & Costerton, 2002). The 
current preferred method is transmission electron microscopy and it has 
been used on medical devices for both examination and characterisation of 
biofilm (Raad et al., 1993; Stickler et al., 1998) as well as in human 
infections (Ferguson et al., 1986; Nickel & Costerton, 1992). All medical 
devices and tissue engineering constructs are susceptible to colonisation 
and infection by bacteria, regardless of the device’s sophistication (Bryers 




In the clinical setting, biofilm prefers to grow on inert surfaces (medical 
devices) and/or dead tissue (fragments of dead bone) (Lambe et al., 1991), 
but will also grow on living tissue (endocarditis) (Ward et al., 1992). Biofilm 
grows very slowly and are therefore slow to produce symptoms (Ward et al., 
1992). The immobile cells of the biofilm will release antigens, which in turn 
causes the host to produce antibodies to them, but the antibodies cannot 
kill the bacteria in the biofilm – this may, however, cause damage to 
surrounding tissue (Cochrane et al., 1988). Due to this protection of bacteria 
within the biofilm, it is rare to have a biofilm resolved by host-defence 
mechanisms alone, regardless of the excellence of either humoral or cellular 
immune reactions (Khoury et al., 1992). This is also the reason why 
antibiotic therapy can merely affect the symptoms of planktonic bacteria but 
cannot kill the organisms in the biofilm (Marrie et al., 1982). 
In natural water environments, biofilm sampling can be done in numerous 
ways; in rivers, pebbles are collected from various depths and biofilm is 
removed with a sterile brush in the laboratory (Lyautey et al., 2005). Another 
study placed two grades of sandpaper (fine and rough) into a river for a 
certain amount f time to see the biofilm growth on the different surface types 
(Hunt & Parry, 1998). Floating biofilm pellicles have also been sampled after 
heavy rain had caused pieces of biofilm to be dislodged in an underground 
acid mine drainage stream (Wilmes et al., 2008). 
Legionella pneumophila was found to be the top cause of drinking water 
related disease outbreaks in many countries (Beaute et al., 2013; Beer et 
al., 2015, Gargano et al., 2017) and it also ranks fourth in disease burden 
of infectious diseases in Europe (Cassini et al., 2018). In the period of 2013-
2014, Legionella was responsible for 57% of outbreaks and all deaths 
related to drinking water in the United States (Benedict et al., 2017). Biofilm 
seems to be the preferred arena for Legionella to interact with potential 




Legionella is not only able to survive treatment in amoebal cysts (Loret & 
Greub, 2010), but may also enter post-treatment areas, via dust, into 
storage tanks – here, they are able to grow, unlike enteric pathogens (Lu et 
al., 2015), to very high densities and can seed biofilms downstream 
(Ashbolt, 2015). In artificial water systems, biofilm covering the interior of 
pipe walls, in-premise plumbing fixtures and heating, ventilation and air-
conditioning systems are the areas where most microbial growth is detected 
(Lau & Ashbolt, 2009). With L. pneumophila being a fastidious organism, it 
has developed mechanisms to acquire nutrients by residing in nutrient-rich 
biofilms (Rogers & Keevil, 1992; Murga et al., 2001; Declerck et al., 2007a, 
2007b). Pathogens such as M. avium, L. pneumophila, E. coli and 
calciviruses that were spiked into artificial biofilm was found to be 
viable/infectious for several weeks under high shear and turbulent flow 
conditions (Lehtola et al., 2007). 
When investigating biofilm, it was found that the anti-microbial properties of 
copper pipes were dependent on the age of the biofilm – early growth (≤ 30 
days) on copper was lower than on polyvinyl chloride or cross-linked 
polyethylene (Mathys et al., 2008; Morvay et al., 2011). In biofilm of 
approximately 18 months, the growth on copper pipes were 2-8 fold higher 
than on polyvinyl chloride, cross-linked polyethylene or stainless steel piping 
(Wingender & Flemming, 2004). Legionella densities were higher in biofilm 
fewer than 250 days old on stainless steel than on copper, but similar levels 
were observed after 24 months – implying that the inhibition properties of 
copper wanes over time (Van der Kooij et al., 2005). 
2.3.2 Bacteria as a solution to many problems 
Bioremediation is “the use of biological agents, such as bacteria, fungi, or 
green plants, to remove or neutralize contaminants, as in polluted soil or 
water. Bacteria and fungi generally work by breaking down contaminants 
such as petroleum into less harmful substances. Plants can be used to 




contaminants such as salts and metals into their tissues, which are then 
harvested and disposed of. The use of green plants to decontaminate 
polluted soil or water is called phytoremediation.” – The American 
Heritage® Science Dictionary, 2002. Bioremediation is seen as an 
environmentally friendly, sustainable and cost-effective alternative to older, 
physical and chemical technologies (Oladipo et al., 2018). Many of the 
organisms isolated in this study can be used in the industry for such 
purposes. 
Arthrobacter nicotinovorans is a great example of an organism with more to 
it; it can use nicotine as sole carbon and nutrient source (Gherna et al., 
1965; Hänzelmann & Meyer, 1998) as well as a pesticide – atrazine – this 
in turn increases the mineralization activity in the soil (Aislabie et al., 2005). 
Polycyclic aromatic hydrocarbons (PAH) are found in soil, water and air and 
are generated when organic materials do not combust completely (Afdel-
Shafy & Mansour, 2015). PAH have been shown to be toxic, carcinogenic 
and mutagenic – a significant health risk to humans (Janbandu & Fulekar, 
2011). For the first time, A. insolitus was shown to be able to degrade PAH 
at high concentrations (Janbandu & Fulekar, 2011). 
Another problem is heavy metal pollution by human sources, which leads to 
nutrient depletion, soil degradation, and impairment of air and water quality, 
which risks human health and safety (Oladipo et al., 2018). In this case, 
bioremediation has a higher capacity for metal uptake, minimal sludge 
production and is very easy to apply (Oladipo et al., 2018). In this study, the 
organisms were isolated from mining sites of gold and gemstones;  
A. spanius accumulated high levels of manganese and zinc (Oladipo et al., 
2018). 
Bacterial strains isolated from agricultural soil was used to mineralise and 
biodegrade malathion and α- & β-endosulfan, toxic pesticides; E. cloacae 
could degrade endosulfan and E. amnigenus could degrade both, into non-




growth-promoting agent and useful in bioremediation, it is also resistant to 
nickel (Paul & Mukherjee, 2016). Nickel is a global health threat because 
irrigation of crops with wastewater containing nickel can affect the crop 
yield, as well as enter the food chain (Paul & Mukherjee, 2016). 
Enterobacter spp. were also utilized in a coffee wastewater plant, where 
Enterobacer sp. and E. asburiae was found in 77.55% of the total washer 
output (Pires et al., 2017). The study objective was to find organisms that 
would transform the toxins, remove nutrients and promote the organic 
compound degradation; K. oxytoca was also present (Pires et al., 2017). 
A common herbicide, chlorimuron-ethyl (CME) is mostly used for broadleaf 
weeds in soybeans fields – it is able to cause DNA damage to aquatic 
organisms via leaching and run-off, as the mode of action of CME is to inhibit 
the biosynthesis of essential branched-chain amino acids (Pan et al., 2018). 
A multitude of fungi and bacteria was found to be CME degrading, including: 
Pseudomonas sp., Rhodococcus sp., and S. maltophilia (Pan et al., 2018).  
E. ludwigii was found to use CME as its sole source of nitrogen and the 
recovery by this bacterium ranged from 93.75%-98.94%, with a standard 
deviation of less than 1.94% (Pan et al., 2018). A mutant of Pseudomonas 
fluorescens was able to stimulate the root growth in blackcurrant cuttings, 
but interestingly inhibited the root growth of cherry cuttings (Dubeikovsky et 
al., 1993). P fluorescens has also improved plant-growth by means of 
increasing iron inside the plant tissues of Arabidopsis thaliana (Vansuyt et 
al., 2007). P. putida is able to induce the growth rate of roots to yield 35-
50% longer roots than plants without P. putida inoculation (Patten & Glick, 
2002; Glick, 2012). 
E. ludwigii is able to stimulate plant growth, influence the heavy metal 
accumulation in plants, and increase heavy metal mobilization in soil (Egidi 
et al., 2016). Genes were also discovered in this organism that are related 
to organic acid bioavailability, which suggest that E. ludwigii can change the 
metal’s bioavailability and contribute to the plant-mediated metal uptake 




beneficial plant-microbe interaction, due the genes it possesses coding for 
siderophores (Egidi et al., 2016). 
As far as industrial uses are concerned, K. variicola has been identified as 
a strain that is able to bioremediate nickel and cobalt from industrial effluent 
from a textile factory, as it possesses a very high metal tolerance (Afzal et 
al., 2017). It has also been identified as a low-cost, environmentally friendly 
alternative to produce bioethanol from crude glycerol (Seta et al., 2018) and 
is lauded for its ability to promote plant growth and fix nitrogen, regardless 
of whether the strain is from plants, insects or clinical samples (Wei et al., 
2014), as well as having the ability for heterotrophic nitrification and aerobic 
denitrification (Feng et al., 2018).  
S. maltophilia possess an iron-reducing activity that is able to remove 
phosphate from the returned product of a municipal wastewater treatment 
plant (Ivanov et al., 2005), this process reduces the possibility of dissolved 
oxygen depletion, eutrophication, and a lowered value of the water supply 
(Brooke, 2012). It also plays an ecological role in bioremediation (Binks et 
al., 1995; Boonchan et al., 1998), biocontrol of phytopathogens (Berg et al., 
1994; Kobayashi et al., 1995; Nakayama et al., 1999; Dunne et al., 2000), 
plant growth promotion (Suckstorff & Berg, 2003; Schmidt et al., 2012), and 
element cycle (Ikemoto et al., 1980). S. maltophilia has also been used in 
agriculture as a biological control agent of fungal plant pathogens (Elad et 
al., 1987; Kwok et al., 1987; Lambert et al., 1987; Berg et al., 1996). 
Stenotrophomonas rhizophila (S. rhizophila) has a high salt tolerance 
(Hagemann et al., 2008), is associated with rhizosphere and phylloplane, 
and is a very important plant growth promotor (Berg et al., 2013).  
Microbes are also used in wastewater-treatment plants (WWTP). According 
to Cydzik-Kwiatkowska & Zielińska (2016), municipal WWTP are home to 
21-65% of Proteobacteria (with Betaproteobacteria most abundant), these 
organisms are responsible for the majority of organics and nutrient removal 




Wang et al., 2012). Fungi are also present, with Ascomycota making up 6.3-
7.4% of organisms (Wang et al., 2014). When investigating pharmaceutical, 
pet food or petroleum refinery WWTP, Proteobacteria again dominated 
(Ibarbalz et al., 2013; Ma et al., 2015). Ineffective antibiotic degradation 
causes antibiotic resistant bacteria, municipal WWTPs are a main source, 
with the highest abundance in the influent, then effluent, anaerobic digestion 
sludge, and lastly the activated sludge (Rizzo et al., 2013; Cydzik-
Kwiatkowska & Zielińska, 2016). Removal efficiency in sludge treatment is 
not very good, but wastewater-treatment can minimize over 99% of 
antimicrobial-resistant bacteria (Yang et al., 2014). 
Some microorganisms can also be used as antibacterial therapies. 
Bacteriophages have been recognised as long ago as 1915 (Sandeep, 
2006). Bacteriophages can be lytic or lysogenic in nature; lytic 
bacteriophages instruct the bacterial host cell to multiply the 
bacteriophages, they then burst out and kill the bacteria, making it able for 
them to infect more bacteria (Sandeep, 2006). Lysogenic phages attach 
their ribonucleic acid (RNA) to the deoxyribonucleic acid (DNA) of the 
bacteria and the genetic material of the two organisms get replicated 
together; this, however is not the best method, so lytic phages are preferred 
for therapeutic preparations (Sandeep, 2006). Cells of organisms that are 
more complex than bacteria cannot be infected by phages; the phages can 
also be isolated wherever the bacterium grows, be it water, skin, soil, or 
sewerage (Sandeep, 2006). 
2.4 Survival of FLA and ARB in groundwater environment 
Many man-made sources of water have been mentioned up to this point. 
However, this study will only focus on groundwater. Therefore, this next part 
of the literature review aims to explain the importance of groundwater 
globally and, specifically, in the South African context. 
Groundwater can be broadly defined as: “The excess soil moisture that 




influence of gravity. In the literal sense, all water below the ground surface 
is groundwater; in hydro-geologic terms, however, the top of this saturated 
zone is called the water table, and the water below the water table is called 
groundwater. Under natural conditions, groundwater moves by gravity flow 
through rock and soil zones until it seeps into a streambed, lake, or ocean, 
or discharges as a spring” (Encyclopaedic Dictionary of Hydrogeology, 
2009). This can be summarised as: “The water found underground in the 
cracks and spaces in soil, sand and rock. It is stored in, and moves slowly 
through, geologic formations of soil, sand and rocks called aquifers” 
(Groundwater Foundation, 2020). 
Groundwater makes up approximately 99% of our planet’s fresh water 
resources (Margat & Van der Gun, 2013). Statistics show that around 25% 
of humans rely on groundwater for domestic needs (Machard de Gramont 
et al., 2011), while 50% of people use it as potable water (Mechlem, 2003). 
For irrigation needs, 40% of groundwater is used across the globe (Siebert 
et al., 2010; Döll & Hoffmann-Dobrev 2012).  
Unfortunately, groundwater is very vulnerable to all kinds of contamination, 
be it man-made, such as gasoline, oil, or chemicals, or coming from the land 
surface, such as pesticides, fertilizers and toxic substances from mining 
sites. Other contamination is caused by biological sources, for example, 
untreated waste from septic tanks, leaky landfills or toxic chemicals from 
underground storage tanks; all of which could lead to diseases such as 
Hepatitis or dysentery. Other effects include poisoning from toxins that has 
leached into well water – these could potentially have long-term effects due 
to repeated exposure and may even lead to cancer (Groundwater 
Foundation, n.d). 
More than 90% of the surface of South Africa has groundwater that is in 
hard rock (which has no pore spaces) this water is contained in joints, faults 
and fractures, also, in limestone and dolomite fissures (dissolved openings 




only accounts for approximately 13%; being a semi-arid country with large 
parts of desert-like areas, two-thirds of the country’s surface area is largely 
dependent on groundwater (Le Maitre et al., 2018). As in most countries 
around the world, groundwater is mostly used for irrigation. But groundwater 
also serves as the sole water supply to over 300 towns and smaller 
settlements in South Africa (Le Maitre et al., 2018); groundwater from 
private of public boreholes is the main water source in many rural areas; 
this water is then used for cooking, drinking and general cleaning (Shirinda, 
2008). The General Household Survey of 2002-2015 stated that boreholes 
on site increased from 142 (1.3%) in 2002, to 259 (1.6%) in 2015; communal 
boreholes decreased from 300 (2.8%) in 2002, to 229 (1.4%) in 2015 
(StatsSA, 2016). A study done in 2007 reported on the poor quality of 
groundwater that is consumed by the population in some rural areas in 
Limpopo Province, South Africa (Potgieter et al., 2007). 
Figure 2.2 shows the groundwater quality across South Africa, as published 
by the Department of Water Affairs (DWA) in 2012. The colours represent 
the electrical conductivity of the water – as measured in milliSiemens per 





Figure 2.2 Schematic of groundwater quality in South Africa (DWA, 
2012). 
The specific colours represent values (in mS_m) as well as the expected 
taste: blue is 0-70 with no salty taste, green is 70-150 with a slightly salty 
taste, yellow is 150-370 with a noticeably salty taste, light pink is 370-520 
with a marked salty taste and dark pink is >520 with an extremely salty taste. 
The red areas would have an extremely salty taste as well as being 
extremely bitter (DWA, 2012). 
In 2010, the then South African Department of Water Affairs and Forestry 
(DWAF) - now Department of Water Affairs (DWA) compiled a groundwater 
strategy for our country. The aims of this strategy were threefold: that 
ground water is recognised as the important strategic water source that it is, 
within an integrated water resource management approach; to increase the 
knowledge and use of groundwater, as well as the capacity to ensure 




programmes and implement them at required water resource management 
levels, tailored to local quality and quantity requirements (DWAF 
Groundwater Strategy, 2010). 
In South Africa, regions range from sub-tropical to desert (South Africa 
Yearbook, 2015/2016) and annual rainfall may range from 2.5 mm/month to 
145 mm/month in different parts of the country (Trading Economics, 2015). 
South Africa’s rainfall is at 450 mm per year, far less than the world average 
of 860 mm per year; this makes our country a water-stressed one (DWA 
Induction Manual, n.d). Three water availability challenges that face us are 
1) uneven rainfall and seasonality (43% of rainfall is only over 13% of land), 
2) low stream flows, which make it unreliable, and 3) large-scale transfer of 
water due to remote water courses, in relation to major urban and industrial 
developments (DWA Induction Manual, n.d). 
Very often, groundwater sources (wells, springs & boreholes) are believed 
to be of good quality, with regard to bacterial pathogens usually transmitted 
by the faecal-oral route; these sources, however, are contaminated by 
faecal matter especially when sources of contamination are nearby or where 
contaminants may be carried by surface waters (Ranjbar et al., 2011). 
Water quality can be affected in many ways during periods of heavy rainfall, 
for example: release of sewage into local waterways because of sewage 
overflow or bypass, contamination of surface or groundwater sources by 
storm water run-off from impermeable or saturated surfaces (this introduces 
faecal contaminants, such as protozoa, bacteria and viruses) and cross-
contamination due to inflow and infiltration between sewage and water pipes 
(Drayna et al., 2010). In a 2005 study done by Costa et al., lower numbers 
of Legionella spp. were detected in groundwater than those generally found 
in samples from man-made water environments; this could be due to the 
fact that smaller amounts of biofilm are found in these environments than 
compared to the, sometimes enormous, development of biofilm in surface 




2.5 Point-of-use treated water  
“There is now conclusive evidence that simple, acceptable, low-cost 
interventions at the household and community level are capable of 
dramatically improving the microbial quality of household stored water and 
reducing the attendant risks of diarrheal disease and death” – Mark Sobsey 
(WHO, 2002). 
In developed and developing countries there are numerous different water 
collection and -storage systems that have been developed specifically to 
reduce diarrhoeal- and other waterborne diseases. Some have been tested 
in controlled environments, such as laboratories, and other are evaluated in 
the field (Sobsey, 2002). As an example, a study to develop ways of water 
filtration with the bare minimum in very poor areas in Bangladesh, found that 
water filtration through a sari cloth (worn by the local women) was sufficient 
to stop waterborne disease, especially V. cholerae; the sari was later hung 
in direct sunlight to serve as a method of decontamination (Huq et al., 1996). 
Household disinfection is among the most beneficial of any water and 
sanitation interventions (Hutton & Haller, 2004). 
In South Africa, great strides have been made in supplying water to rural 
areas; the National Development Plan (NDP) aims to increase the 
percentage of households with functional water service from 85% in 2013 
to 90% in 2019 (StatsSA, 2015; Community Survey, 2016). Currently, 85% 
of the population have functional water services (municipal water to local 
tap), but with only 65% reliability – some municipalities have reliability being 
as low as 10% (StatsSA, 2015; Community Survey, 2016).  
This vast lack of safe drinking water for millions of people drives the need 
for point-of-use treatment of water. A class-action lawsuit is currently 
underway in the Eastern Cape province of South Africa, as residents 
demand clean water as a constitutional right from their municipality. Their 
only water source is water seeping through the ground, unfortunately, 




of diarrhoeal disease, users of the water complain of rashes and the water 
is not constant, so they often have to go without (Times Live, 2018). 
Potters for Peace (PFP) in a non-profit organisation that was founded in 
Nicaragua in 1986, and since 1998, PFP have assisted in the production of 
a low-cost ceramic water purifier throughout the world (Potters for Peace, 
2019). PFP is a member of the WHO’s International Network to Promote 
Household Water Treatment and Safe Storage. In 1981, Dr. Fernando 
Mazariegos found that boiling water was not an effective method of 
disinfection, as some rural households did not boil the water long enough; 
another concern was the misuse of chlorine tablets in rural communities 
(Potters for Peace, 2019). He then designed a filter, which would later 
become Potters for Peace (PFP), a non-profit organisation that was founded 
in Nicaragua in 1986, and since 1998, PFP have assisted in the production 
of a low-cost ceramic water purifier throughout the world (Potters for Peace, 
2019). PFP is a member of the WHO’s International Network to Promote 
Household Water Treatment and Safe Storage.  
The filter design is basic, with the ceramic filter being 31 cm in diameter,  
24 cm high and is shaped like a “coned flower pot (PFP, 2001)” – it can hold 
7.1 litres of water (Lantagne, 2001). This filter fits inside the 20-litre plastic 
receptacle with a plastic lid on top and a plastic spigot at the bottom 
(Lantagne, 2001). The process for making the filter was outlined in a study 
done by Lantagne, 2001. In a mixer, 60% of dry pulverised clay and brick 
scraps are mixed with 40% screened sawdust (passed through a 16-mesh 
screen); water is added to obtain the correct consistency. The filters are 
then formed by hand, press-moulded, or turned on a potter’s wheel. Filters 
are fired at 887°C in a brick kiln, using wood scraps from industry as fuel 
source. The filters are allowed to cool and then soaked for 24 hours to 
saturate the filter before flow testing. The flow rate of each filter is tested to 
ensure a rate of approximately one to two litres per hour. Filters with a flow 




of 3.2% colloidal silver, in 250 ml filtered water, is applied with a brush to 
each filter. Filters are dried and sold (Lantagne, 2001). 
The pore size in a PFP filter is not uniform, as it is determined by the amount 
and size of the sawdust used in manufacturing – the sawdust burns away 
in the firing process, thus leaving pores in the ceramic filter (Lantagne, 
2001). Within the filter, both cracks and spaces form – the cracks may 
measure up to 150 µm in length, and spaces up to 500 µm at most, but in 
areas with neither cracks nor spaces, the pore size varies from 
approximately 0.6 µm to 3 µm (Lantagne, 2001). The PFP goal for pore size 
is listed as 1 µm, this is adequate for removing Escherichia coli without any 
additional disinfectant (Lantagne, 2001). The pore size of the PFP filter is 
also adequate in removing both Giardia lamblia and Cryptosporidium 
parvum (ranging from 8-100 µm) with greater than a 4-log reduction in both 
protozoa, being more effective in removing these protozoa than by means 
of chlorine disinfection (Latagne, 2001).  
Other studies in South Africa tested the same PFP filters, their focus 
included E. coli counts (Du Preez et al., 2008), pathogenic bacteria (Mwabi 
et al., 2013), coliform bacteria and Cryptosporidium sp. (Abebe et al., 2014) 
and total coliform testing (Kahler et al., 2016). This current study is the first 
to look at both FLA and ARB specifically in South Africa, as well as the 
treatment by PFP point-of-use filter units of groundwater.  
There is increasing interest in organic-based polymers that are non-toxic 
and biodegradable, since there are many drawbacks to the use of inorganic 
salts in water treatment. (Abebe et al., 2016). Chitosan biopolymers proves 
to be a good alternative and are produced by de-acetylation of chitin – the 
second most abundant polysaccharide in the world (Kumar, 2000; Rinaudo, 
2006). Chitin can be extracted from the exoskeleton of crustaceans or from 
fungal species (Kumar, 2000), this means that it presents a naturally 
available, abundant, non-toxic, biodegradable source of biomass (Kumar, 




(chitosan hydrogen chloride, chitosan lactate and chitosan acetate), it 
showed an extensive reduction in turbidity, bacteria and viruses. Pre-
treatment with any of the chitosans plus ceramic filtration achieved 6log10 
reduction, a “highly” protective level of reduction, as set by the WHO 
household water treatment performance scheme (Abebe et al., 2016). 
Another new technology, a surface engineered particle, was published by 
Dixit et al. in 2019, it is simple, low-cost, portable, non-electric, gravity driven 
and can be adapted to household or community use. The surface 
engineered particle is prepared via alkali treatment of soda lime silica glass 
particles, these particles removes and inactivates pathogens from 
contaminated water by coupling the nanoscale surface roughness with the 
surface charge and surface chemistry (Dixit et al., 2019). The highly 
hydrophobic nature enhances bacterial interaction with the surface and 
these particles, with added silver on the surface, enhanced bacterial 
inactivation more than without the addition of silver. The purified water can 
be stored for 12 hours without any regrowth (Dixit et al., 2019). 
2.6 Summary of literature review 
In summary, the need for studies exploring the microbiome of groundwater 
is needed, especially in South Africa. Many people make use of 
groundwater sources and a large part of that population may be prone to 
waterborne – and water, sanitation and hygiene (WASH) – related diseases, 
due to their compromised immune systems – be it pregnancy, being HIV-
positive, malnutrition, or young children with an underdeveloped immune 
system. The investigation into the role of FLA in harbouring and also 
strengthening ARB is also necessary, as more antibiotic resistant strains of 
ecological organisms are being introduced into the clinical setting by means 
of water sources that are not adequately disinfected from these virulent 
organisms. Antibiotic-resistant organisms in water, dialysis machines, in 
therapy pools, colonizing hospital tubing by biofilm, in addition to weakened 




treatment systems for poor households and vulnerable communities must 
be investigated to ensure safe and healthy water for drinking. This study 
aims to pave the way into more exploration in this field by showing which 
FLA and ARB have been isolated from untreated groundwater and also from 





















 MATERIALS AND METHODS  
3.1 Materials 
All materials were purchased from commercial suppliers and used as is 
without any further purification. A summary of the consumables, suppliers 
and product information can be found in Appendix A. All details regarding 
sourcing and maintenance of the type strains are found in Appendix B. 
3.2 Methodology 
3.2.1 Participant consent 
Owners of the property on which the informal settlements reside, as well as 
individual households, gave consent by means of a consent form (available 
on request). Participation in the study was voluntary and the participants 
were free to withdraw at any point during the sampling period. The property 
owners were consulted by the principal investigator during the planning 
phase of the study and they all consented to the study being conducted on 
their land.  
3.2.2 Study area 
This study formed part of a larger Water Research Commission (WRC) 
project (Report number 2195/1/14) entitled: New housing unit designed for 
ceramic water filters in rural and peri-urban communities in South Africa. 
The study team was responsible for choosing the study sites, household 
selection, participant recruitment and obtaining ethical approval for the 
study.  Seven informal settlements (study sites), six in Gauteng and one in 
Mpumalanga, located close to farms were included in the study. To maintain 
the confidentiality of the study participants, each settlement/study site was 




map of the study area is shown in Figure 3.1 with all identifiers removed to 
protect the households taking part in the study.  
 
Figure 3.1 Map of study area to show relative distribution of the seven 
study sites to each other. (Map not drawn to scale). 
A total of 85 households were included in this study, which collected water 
from either a central free-standing tap outside the home, or a windmill, or a 
large water container (Jo-Jo and similar tanks), all fed from different 
boreholes. Distances to the water collection points from the households 
varied between settlements and ranged from a few metres to approximately 
one kilometre. Household participants would typically collect drinking water 
in 20-litre plastic containers (Figure 3.2), when needed, and store the 
container in the house for drinking, cooking and washing purposes. A 
plastic/metal cup or jug (Figure 3.3) was typically used to decant water into 






Figure 3.2 Plastic water containers used to store water in the home. 
 
Figure 3.3 An example of a cup used to decant water from the storage 
vessel. 
3.2.3 Sample collection 
All samples were collected at the end of each month, starting from March 
2011 to the end of July 2011. Samples were only collected if someone was 
at the household to open the door to the house and grant access. In some 
instances, participants were not present, and arrangements were made to 
visit them the next day. Table 3.1 shows the dates of when specific sample 




Table 3.1 Sampling times and types 
Sample type Sampling times 
 Test houses Control houses 
Stored water 
March, April, May, June & July 
Biofilm swab 
POU water treatment May, June & July NA 
In all households, water was collected by the participants from the borehole 
source daily and stored in large plastic containers (with lids) within the 
homes. In March 2011 and April 2011, water was collected from these  
20-litre containers using the cup/jug that the household normally used for 
decanting, transferred into a sterile 1000 ml container and clearly marked 
with the settlement name, house number and date. Biofilm samples were 
collected by swabbing 10x10 cm of the inside of the 20-litre water container 
(used to store water in the house) with a sterile swab. The swab was placed 
back in its container and marked with the settlement, house number and 
date collected.  
Three more source water and biofilm samples were collected from all 
(testing- and control-) households during May-July 2011. Additionally, water 
was collected form the ceramic pot filter-units provided to the intervention 
households as part of the larger study. Filtered water was collected from the 
plastic spigot in the filter water receptacle, shown in Figure 3.4.  
 




For this study, the filters were produced in Ghana, not by local communities, 
but by a company (Ceramica Tamakloe Ltd., Ghana). The principal 
investigator randomly chose participating households to be control houses 
(without filter units) and others to be test houses (who received filter units). 
This intervention was used to measure the efficacy of the filter – but we will 
only touch on this information, as the full-scale study will be published 
elsewhere. After the 5-month study period, all control households were 
given filter units 
A total of 921 samples were collected, comprising of 529 water (57.4%) and 
392 biofilm swab (42.6%) samples. Figure 3.5 illustrates the different types 
of samples.  
Figure 3.5 Different types of samples and how they were acquired. 
In all of these households, samples were taken from the 20-litre plastic 
container and will henceforth be referred to as “stored water”. All 
households also had “biofilm” samples taken from the inside of this plastic 
storage container within each house. These two samples were taken from 




was taken at each sampling interval, which is referred to as “filter” water, as 
these homes were supplied with ceramic point-of-use filters. The water 
sample was then taken after stored household water had passed through 
the ceramic filter and collected into the clean plastic receptacle. In total, 
there were 169 (31.9%) source water samples from control houses, 197 
source water samples from test houses (37.2%), and 163 (30.8%) filtered 
water samples from test households. 
Table 3.2 indicates how the water samples differed as well as the number 
of samples, per type, per settlement. “Test households” refers to 
households that were sampled by collecting water from containers in the 
household “stored water” (that was collected daily by the house inhabitants 
from groundwater pumps/tanks/windmills) as well as water from point-of-
use filters provided to the homes – this is labelled as “filter water”. “Control 
households” did not receive point-of-use filter units until the after the study, 
thus those samples of those settlements will only be that of “stored water”. 
“Total” indicates the amount of water samples that were collected from all 
the collection days in total, per settlement. Water samples labelled as 
“Stored” and “Filter” water were taken from the same households. Numbers 
differ as some households did not have a filter for the water at the time of 
sampling, so only the “stored” water was collected form the control 
households. “Biofilm” samples were taken from all the containers in which 
the “stored water” was kept in the  household. 
Table 3.2  Sample types collected per settlement. 
Test 
households 
Settlement Total water* Filter only Store only Biofilm 
1 56 21 35 35 
4 119 45 74 74 
5 86 32 54 48 
6 53 17 36 36 
7 46 16 30 30 
Control 
households 
2 64 None 64 64 
3 105 None 105 105 





3.2.4 Sample preparation and storage 
All samples were kept in cooler boxes and transported to the laboratory the 
morning after sampling and analysed within 24 hours of collection. The 
samples were arranged in numerical order, each sample was logged into 
the laboratory’s sample log book and assigned a unique laboratory number. 
Figure 3.6 shows a flow-diagram of the laboratory procedures that followed. 
3.2.5 Biofilm sample assessment 
To each biofilm swab, 2 ml of sterile distilled water was added aseptically, 
and the swab was capped and vortexed for at least 30 s to ensure the 
organisms on the swab would mix with the water. After mixing, 500 µl of the 
sample was added to 500 µl of the Acanthamoeba castellanii type strain in 
a sterile 24-well plate and incubated at 33°C for three days. After the three 
days, when all the particles (including amoebae and bacteria) settled down 
to the base of the plate, the supernatant was carefully removed (without 
disturbing the cells) and Page’s Amoebal Saline (PAS) was added. The cells 
and PAS were passaged by pipette until well mixed and incubated at 33°C 
for three days. After incubation, the 24-well plate co-cultures were washed 
again and read by means of an inverted microscope. The use of an inverted 
microscope allows all cells to be seen in more natural conditions than if it 
would have been mounted on a glass slide for viewing under a light 
microscope; the complete sample can be viewed, rather than just viewing a 
fragment with other types of microscopy. 
3.2.6 Water sample assessment 
The water samples were concentrated by membrane filtration through a six-
cup filtration manifold and was prepared by placing sterile nitrocellulose 
membranes with a pore size of 0.45 µm onto the Sartorius filter manifold 






Figure 3.6 Flow-diagram of laboratory procedures followed for the biofilm sample assessment (section 3.2.5), as well as water 




The funnel size was 250 ml, thus water was added twice to give a final 
filtered product of 500 ml per sample (unless the sample was very turbid 
and clogged the filter before 500ml could be processed, then the total 
filtered volume was recorded).  
As soon as the water had run through the membrane, the membrane was 
removed and placed upside down onto a marked non-nutrient agar plate 
with heat-killed E. coli. Five drops of PAS were added to the filter on the 
plate before it was covered with plastic to prevent drying and incubated 
aerobically at 33°C (Thomas et al., 2006).  
All plates with filters were viewed with a light microscope (Olympus, Japan) 
under 10X magnification. The presence of amoebal trophozoites and/or 
cysts was noted and marked on the plate with a marker. Care was taken to 
isolate areas that contained as few contaminating organisms as possible. 
To purify the amoebae, small agar plugs were cut from the plates using a 
sterile disposable Pasteur pipette and placed upside down onto a fresh NNA 
plate that had been covered with heat-killed E. coli. A single drop of PAS 
was added to each of the agar plugs to assist spreading of the amoebae on 
the plates. The plates were incubated at 33°C again and the process of 
cutting and sub-culturing was repeated until the amoebae were purified 
enough to be processed for selective media inoculation, typing and staining. 
This was done by flooding the sub-cultured plates with 2 ml PAS after which 
the amoebae were gently scraped from the surface of the agar plate using 
sterile plastic loops and transferred into clearly marked sterile 2 ml 
Eppendorf® tube. A few drops of the liquid were used to inoculate fresh 
NNA plates and incubated at 33°C to grow fresh cultures of amoebae to be 
sent for PCR and sequencing (work described in section 3.2.11); the rest of 
the liquid was lysed though passaging with a 27-gauge syringe, vortexed at 
maximum speed for 30 s and then inoculated onto selective media, the 




3.2.7 Media preparation 
Plate count broth (PCB) and nutrient broth (NB), used for co-culturing and 
maintenance of the type strains, were prepared as follows. PCB was made 
up in batches of 500 ml to ensure that it remained sterile. To prepare  
500 ml PCB, 2.5 g yeast extract, 5 g tryptone, and 1 g dextrose was 
dissolved in distilled water, with the final volume adjusted to 500 ml. To 
prepare NB, 16 g of nutrient broth powder was weighed and added to  
1000 ml of distilled water. All media were autoclaved for 15 min at 121°C, 
allowed to cool and stored at 2-8°C.  
3.2.8 Differential media 
The appearance of specific colonies of growth on selective-, as well as non-
selective media is combined into Table 3.3. A brief explanation of the media 
and incubation time is given after Table 3.3. 
(a) Vibrio sp., Salmonella sp., Shigella sp., and coliform bacteria 
All samples were inoculated into alkaline peptone water (APW) and 
incubated at 35°C for 6-8 hours to allow Vibrio sp. to replicate rapidly. 
Thiosulphate Citrate Bile Salts Sucrose (TCBS) is a selective medium used 
to isolate pathogenic Vibrio species and was inoculated with the APW 
before incubating the plates at 35°C for 24 hours. The plates were read after 
24 hours according and bacterial colonies present presumptively identified 
using the identification descriptions provided by the manufacturer.  
Xylose lysine deoxycholate (XLD) agar is a selective growth medium used 
for the isolation of Salmonella and Shigella species. Inoculated plates were 
incubated at 35-37°C for 18-24 hours and then read.  
BrillianceTM E. coli / coliform selective medium was used for the isolation of 
Escherichia coli and other coliform bacteria. Inoculated plates were 




Table 3.3 Appearance of colonies on selective (and non-selective) 
media (as per manufacturer’s instructions). 
Media Organism Colonies 
Thiosulphate Citrate 
Bile Salts Sucrose 
(TCBS) 
Vibrio cholera and El Tor type Yellow, flat, 2-3 mm diameter 
Vibrio paraheamolyticus Blue-green, 3-5 mm diameter 
Vibrio alginolyticus Yellow, 3-5 mm diameter 
Vibrio metschnikovii Yellow, 3-4 mm diameter 
Vibrio fluvialis Yellow, 2-3 mm diameter 
Vibrio vulnificus Blue-green, 2-3 mm diameter 
Vibrio mimicus Blue-green, 2-3 mm diameter 
Enterococcus species Yellow, 1 mm diameter 
Proteus species Yellow-green, 1 mm diameter 
Pseudomonas species Blue-green, 1 mm diameter 
Media Organism Colonies 
Xylose lysine 
deoxycholate (XLD) 
Salmonella species produces black centres 
Shigella species produces red colonies 
Coliform bacteria produces yellow to orange 
colonies 












+ + Purple 
Coliforms - + Pink 
Other 
organisms 
- - Colourless 
or blue + - 
Media Organism Colonies 
Buffered charcoal 
yeast extract (BCYE) 
Legionella spp. small, round, grey/white 
colonies, often ground-glass 
appearance 
Media Organism Colonies 
Middlebrook 7H9 
with oleic albumin 
dextrose catalase 
(OADC) 
Mycobacterium spp. no colonies on liquid media, 
any growth observed was 
tested 
Media Organism Colonies 
Nutrient agar (NA) all organisms colony size, shape and colour 
differed according to different 
genera/species 
Media Organism Colonies 
Mueller-Hinton agar 
(MHA) 
all organisms colony size, shape and colour 
differed according to different 
genera/species 
 (b) Legionella species 
Charcoal yeast extract (CYE) agar is used to isolate Legionellae - with 
Legionella buffered charcoal yeast extract (BCYE) growth supplement. 
Inoculated plates were incubated for 10-21 days at 37°C. The plates were 




Legionella were plated onto a new CYE agar plate as well as a NA plate to 
check for cysteine dependence, as Legionella can only grow on media 
enriched with cysteine.  
A plate can only be reported as negative if there is still no growth after three 
weeks of incubation. Legionella was seen as small, round, grey to white 
coloured colonies on the agar, often with a ground-glass appearance. 
Generally, Legionella colonies have a distinctive “sticky” consistency. If the 
colony grows on the CYE plate and not on the NA plate, this was taken as 
a positive result for cysteine dependence and the growth was then used for 
the Legionella Latex Test to confirm the genus.  
(c)  Mycobacterium species 
Middlebrook 7H9 with Oleic Albumin Dextrose Catalase (OADC) growth 
supplement broth was used to isolate Mycobacterium species. Inoculated 
tubes were incubated aerobically at 37°C. Slides were prepared as soon as 
bacterial growth was observed in the tube. The tube with the liquid media 
and bacterial growth was inverted thrice to get a homogenous sample.  
30 µl of this sample was then removed by pipette and placed onto a clean 
glass slide, which was heat fixed at 100°C for a few minutes before it was 
placed on the staining rack over the zinc. Slides were flooded with carbol 
fuchsin and flamed intermittently for 5 min, but careful attention was taken 
to not allow the stain to boil. The carbol fuchsin was rinsed with distilled 
water and decolourised with 3% acid alcohol, after which it was rinsed with 
distilled water once again and counterstained with methylene blue for 1 min. 
The slides were left to air dry before being read with a 100x oil immersion 
lens of a light microscope. 
(d) Unidentified organisms 
Nutrient agar (NA) was used to grow all organisms that could not be 
identified on any chosen selective media. Organisms were plated onto 




colonies that could be used for bacterial PCR and sequencing. Colonies 
differed in size, colour and morphology, as genera and species were mixed. 
(e) Organisms for antibiotic susceptibility testing (AST) 
Organisms that were to be tested for antibiotic susceptibility were plated 
onto Mueller-Hinton agar (MHA) plates and tested by the Kirby-Bauer 
method (more detail to follow in section 3.2.11). 
3.2.9  Free-living amoebae (FLA) genotyping 
Freshly inoculated plates with amoebal growth (section 3.2.7) were sealed 
individually with Parafilm M®, before it was packaged and sent to the 
Department of Hygiene, Social and Environmental Medicine (Ruhr-
University Bochum, Germany) for PCR and sequencing. Collaborators in 
Germany offered to do the amoebal PCR and sequencing, as the laboratory 
in which the other work of this study was done did not have the kits and 
primers to perform the testing. 
The amoebae were harvested by gently scraping the agar surface (using an 
inoculating loop) and re-suspended in 500 µl PAS buffer. To lyse amoebae 
and release intracellular bacteria, the suspension was passed three times 
through a 26-gauge syringe and then vortexed at maximum speed for at 
least 30 s. From this suspension, 200 µl was taken for DNA extraction, 
followed by PCR and sequencing.  
Amoebal DNA was extracted from 200 μl of the prepared amoebae 
suspension (from each of the amoebae-positive plates, section 3.2.6) using 
the QIAamp® DNA Blood Mini Kit according to the manufacturer’s protocol. 
The nucleic acid was eluted in 100 μl elution buffer into a 1.5 ml 
microcentrifuge tube and stored at -20°C for subsequent analysis by 






Table 3.4 Primers used for 18S rRNA amoebal genotyping. 
Primer & 
orientation 
Primer sequence (5’-3’) Target 
organism 
Reference 
Ami61 (F) CCA GCT CCA ATA GCG TAT 
ATT 
FLA Thomas et al., 
2006 
Ami9 (R) GTT GAG TCG AAT TAA GCC 
GC 
FLA Thomas et al., 
2006 




Schroeder et al. 
2001 




Schroeder et al. 
2001 
F = forward primer, R = reverse primer 
FLA genotyping was done using the Ami6F1 and Ami9R primers (Table 
3.4). Amplification conditions were: 94°C for 5 min, 40 cycles of amplification 
were performed by using denaturation at 94°C for 1 min, annealing at 55°C 
for 30 s, and elongation at 72°C for 2 min and a final cycle at 72°C for  
10 min. PCR products were visualized by means of gel electrophoresis on 
a 2% agarose gel (data not shown). 
To determine the Acanthamoeba genotypes, amplification was done with 
the JDP1F and JDP2R primers (Table 3.4). Amplification conditions were: 
95°C for 5 min for the initial denaturation step, followed by 35 cycles of  
15 s at 95°C for denaturation, 15 s at 62°C for annealing, 3 s at 72°C for 
extension, and a final extension at 72°C for 10 min. PCR products were 
visualized and sequenced as described above (data not shown). Obtained 
sequences were aligned with sequences of Acanthamoeba genotypes T1–
T20 (Corsaro et al., 2015).  
The remaining 300 µl of the PAS buffer was evenly spread on BCYE agar, 
supplemented with Glycine, Vancomycin hydrochloride, Polymixin B 
sulphate and Cycloheximide (GVPC) and incubated for 10 days at 37°C. 
After 72 hours, suspicious colonies were isolated on both Columbia blood- 







3.2.10  Amoeba-resistant bacterial PCR and sequencing 
Colonies identified as possible Mycobacterium, Shigella or Coliform 
organisms were sent to Inqaba Biotechnical Industries (Pty) Ltd. (Pretoria, 
South Africa) for identification of specific species by Polymerase Chain 
Reaction (PCR) and sequencing. The primers shown in Table 3.5 were 
used for this study as it yielded successful results as reported in literature 
(references shown in Table 3.5). For the bacterial strains, only the 16S 
rRNA gene was investigated in this study, using Sanger sequencing 
methods. 
Unidentified organisms, that did not grow on any of the selective media 
chosen for this study, were cultured onto NA to obtain single colonies, as 
some samples contained multiple organisms. The nutrient agar plates with 
bacterial growth were sent to Inqaba Biotechnical Industries (Pty) Ltd. for 
PCR and 16S rRNA sequencing, using universal primers. 
Table 3.5 Primers used for 16S rRNA PCR 
Primer & 
orientation 
Primer sequence (5’-3’) Target organism Reference 
27 (F) GAG TTT GAT CCT GGC 
TCA G 
Coliform bacteria Srivastava et al., 
2008 
1492 (R)  GGT TAC CTT GTT ACG 
ACT 
Coliform bacteria Srivastava et al., 
2008 
pA (F) AGA GTT TGA TCC TGG 
CTC AG 
Mycobacteria Daniel et al., 2004 
MSHE (R) GCG ACA AAC CAC CTA 
CGA G 
Mycobacteria Daniel et al., 2004 




Altschul et al., 
1997 




Altschul et al., 
1997 
F = forward primer, R = reverse primer 
The sequences were received from Inqaba in AB1 file format. These files 
were read using the Applied Biosystems Sequence Scanner v1.0. All the 
sequences were analysed with Basic Local Alignment Search Tool (BLAST) 




The programme used was the Standard Nucleotide BLAST. The FASTA 
sequences were imported from the Sequence Scanner into the query 
sequence box. The database search set was chosen to be “16S ribosomal 
RNA sequences (Bacteria and Archaea)” and it was optimised for “Highly 
similar sequences (megablast)”. BLAST results were recorded for each 
sample. 
3.2.11  Antibiotic Susceptibility Testing (AST)  
The organisms identified as possible emerging pathogens by 16S rRNA 
sequencing, apart from the mycobacterial strains, were tested for antibiotic 
susceptibility by means of the Kirby-Bauer method (Kirby et al., 1966), 
Colonies were picked off the NA plates, using a sterile loop, and immersed 
into a labelled tube, containing sterile saline (0.85%). This homogenous 
mixture was then compared to a 0.5 McFarland standard and adjusted until 
the acceptable turbidity was reached.  
A sterile cotton-wool swab was dipped into the bacterial suspension and 
excess liquid was removed by touching the swab to the tube wall. A Mueller-
Hinton plate was streaked with the swab to form a uniform bacterial lawn 
and was left to dry for approximately 5 min. Sterile forceps were used to 
place each antibiotic disc in place on the agar surface, and gently pressed, 
to keep the disc in place and attached to the surface. Forceps were heat 
sterilised by between each disc and sample. All antibiotics tested are listed 
in Table 3.6. The antibiotics were chosen after personal communication with 
Professor Carlos Bezuidenhout (North-West University, Potchefstroom, 
South Africa), as there is currently no defined list of antibiotics with which to 
test environmental isolates from water samples. Plates were incubated at 
37°C overnight and after incubation the antibiotic inhibition zone diameters 
were measured in mm. Results were interpreted and classified as 
“resistant”, “intermediate resistant”, or “susceptible” according to the 




Disk Susceptibility Tests, Eleventh Edition (Clinical and Laboratory 
Standards Institute, 2017). 
Table 3.6 Antibiotics used to determine the bacterial antimicrobial 
susceptibility of the potential pathogens isolated from water 
samples. 
Antibiotic Concentration Antibiotic Concentration 
Ampicillin 10 µg Oxytetracycline 30 µg 
Chloramphenicol 30 µg Penicillin-G 10 units 
Cephalotin 30 µg Streptomycin 300 µg 
Ciprofloxacin 5 µg Sulphafurazole 300 µg 
Erythromycin 15 µg Trimethoprim 5 µg 
Neomycin 30 µg Vancomycin 30 µg 
3.2.12  Statistical analysis 
All data collected was imported into an excel spreadsheet and sent to 
STATKON (University of Johannesburg, Auckland Park) for statistical 
analysis, using IBM® SPSS® Statistics software (IBM, United States of 
America). Statistical analysis included Pearson’s chi-squared tests (applied 
to categorical data to see how likely it is that differences in data sets arose 
by chance), cross-tabulations (comparing the relationship between two 
variables), continuity correction (using a continuous function to approximate 
a discreet function), Cramer’s V (determines strength of association 
between two nominal variables), and Fisher’s exact test (statistical 
significance when comparing two nominal variables). Significance of results 
were defined by p<0.05. 
In the case of this dataset, there were no p-values calculated. Cramer’s V 
testing was also inconclusive. In light of this, rather than stating the p-value 
to be greater than 0.05, the researcher has omitted statistical analysis 
results. The differences between source and treated water are well 






RESULTS AND DISCUSSION 
4.1 Overview of study  
This study was done to determine the quality of borehole water and 
household point-of-use treated water used for human consumption. Free-
living amoebae (FLA) are important to test for, so are bacteria, but with all 
the literature pointing to the fact that amoebae can act as “Trojan horses” 
and may increase bacterial virulence, it was necessary to look at the co-
occurrence of these organisms.  
Rural households (n=85) in two South African provinces were selected to 
participate in this study. All households had borehole water as their sole 
source of water. Water samples were collected from source water (stored 
in plastic containers), container biofilm (swabbed from inside of plastic water 
storage containers), and treated water (point-of-use home treatment).  
After treatment of the water samples and incubation on non-nutrient agar 
(NNA) plates, the following was found: of the original 529 water samples, 
76 (14.4%) samples could not be analysed further. This was due to any of 
the following reasons: no amoebae, parasites and/or flagellates, or 
hookworms and/or hookworm eggs present. These organisms caused that 
the sample could not be sub-cultured until amoebae could be recovered. 
This resulted in a total of 453 (85.6%) water samples that were sub-cultured 
and tested further.  
The most clinically important and widely researched  amoeba resistant 
bacteria were selected for assessment in this study and included: 
Mycobacteria spp., Legionella spp., coliform bacteria, Shigella spp., 





4.2 Free-living amoebae (FLA) 
The focus of the results starts with FLA and only the samples containing 
amoebae had bacterial testing done at a later stage.  
Table 4.1 serves as an overview of the FLA found in both water and biofilm 
samples. Even though the control and test settlements are separated in the 
table, all water referred to here is source water, as the water treatment was 
only introduced to test household groups in the month after this initial 
sampling. 
Table 4.1 Frequency of FLA isolated per settlement (sampling sessions 
March & April, combined). 
Settlements Water Biofilm 
FLA FLA 
Control households n=69 n=69 
2 (n=26) 46.2% (12/26) 57.7% (15/26) 
3 (n=43) 16.3% (7/43) 53.5% (23/43) 
Test households n=91 n=90 
1 (n=14) 7.1% (1/14) 21.4% (3/14) 
4 (n=29) 6.9% (2/29) 48.3% (14/29) 
5 (n=22) 45.5% (10/22) 47.6% (10/21) 
6 (n=14) 42.9% (6/14) 50% (7/14) 
7 (n=12) 8.3% (1/12) 50% (6/12) 
Total 160 159 
4.2.1 Amoebal co-culture 
Table 4.2 compares only the FLA isolated from source water, versus treated 
water, per settlement – over the span of three months. This table excludes 
the biofilm swab samples as well as households with only source water 
(control households). It is interesting to note the variation between source 
and treated water, as well as the difference in FLA isolated each month and 
per settlement. July seems to have been a month where few to none FLA 
were recovered from both sources. In many cases, there were more FLA 





Table 4.2 FLA isolated per settlement, by water type (excluding control 
settlements). 
 Month  




n July  
(%) 
Total 
Settlement 1        
Source water 7 42.9 7 57.1 7 0 21 
Treated water 7 42.9 7 71.4 7 0 21 
Settlement 4        
Source water 15 53.3 15 86.7 15 0 45 
Treated water 15 80.0 15 86.7 15 0 45 
Settlement 5        
Source water 9 44.4 11 45.5 11 0 31 
Treated water 10 70.0 11 81.8 11 0 32 
Settlement 6        
Source water 8 87.5 7 71.4 7 0 22 
Treated water 7 85.7 5 80.0 5 0 17 
Settlement 7        
Source water 6 33.3 5 40.0 5 0 16 
Treated water 6 33.3 5 20.0 5 0 16 
Statistical cross-tabulations (SPSS) were used to extract the data used for 
Table 4.3. All data available was computed (July, proven to be outliers with 
the very low FLA numbers, were also included in this tabulation). Table 4.3 
shows that amoebae were present, regardless of water source. In fact, 
treated samples, which would ideally have far less to no amoebae present, 
had more (percentage-wise) than the untreated water. 
Table 4.3 FLA absent/present in both water source types (all test 
settlements).  
 Amoeba absent Amoeba present  Total 
Source 10.6% (84/790) 89.4% (706/790) 790 
Treated 6.9% (9/131) 93.1% (122/131) 131 
Total 10.1% (93/921) 89.9% (828/921) 921 
Due to techniques used in this study sub-culturing the amoebae, it is safe 
to assume that the bacteria isolated were all intracellular bacteria. All 
extracellular bacteria would have been removed after the selection and 
cutting out of only the desired amoebal cysts from the NNA plate. The heat-
killed E. coli could also have been included, but it would not have grown on 




mentioned before, no E. coli was isolated from any of the samples. If there 
were, however, it would have been difficult to prove that the E. coli was 
environmental and from the samples, rather than from the food source. This 
was an oversight in this study and it would have been problematic and would 
also have brought other results into possible disrepute. In future amoebal 
studies, we aim to use a fluorescent-labelled E. coli strain to heat-kill and 
serve as food-source. It will then be very simple to see whether the E. coli 
isolated were in fact from the sample, or the fluorescent laboratory strain. 
4.2.2 FLA genotyping 
Amoebal isolates were tested by polymerase chain reaction (PCR) and 
sequencing to identify the organism genus and species. In most cases, two 
colonies of possible amoebae were picked after microscopy and both were 
sequenced. When starting the study, Acanthamoeba castellanii Neff strain 
(ATCC 30010) was chosen as type strain as it had been used in numerous 
publications as the best model for co-culture between amoebae and 
bacteria (Bui et al., 2012; Yousuf et al., 2013; Van der Henst et al., 2016). 
Mention is made of this type strain, as it was recovered by PCR in some 
samples – these were biofilm samples that were grown in this specific type 
strain. In all tables, these organisms are labelled, as to not create an 
impression that these type strains were isolated from environmental 
samples. In Table 4.4, all FLA isolates sent for PCR and sequencing are 
listed according to their genus and species. These are then also separated 
into the source from which it was initially sampled. 
The FLA genotyping results of this study contained many different amoebal 
genuses; there were also many “slime moulds” recovered from the samples 
(Mycetozoa group), but it has no bearing on this study or on the other FLA 
results. The probable reason why organisms from the group Mycetozoa 
were isolated by the same means as the FLA, is due to the fact that 
Mycetozoa form part of the super-group Amoebozoa, as they are, in 




2013). Research showed that slime moulds could harbour bacteria 
(Denoncourt et al., 2004) – due to this fact, it may be valuable in future to 
include these organisms when looking for intra-amoebal bacteria. Each FLA 
will be discussed in the following chapter, but it does seem that the amoebae 
recovered were mostly in the water samples, rather than the biofilm. Could 
this mean these specific FLA favour a planktonic state to biofilm? 
Table 4.4 Specific organisms identified as FLA, their occurrence and 
sample source. 






Acanthamoeba genotype T3 1 1 0 0 
Acanthamoeba castellanii str. Neff 5 2 1 2* 
Acanthamoeba environmental sample 1 1 0 0 
Acanthamoeba genotype T15 1 1 0 0 
Acanthamoeba sp. 2 1 0 1 
Acanthamoeba sp. T16 4 2 0 2 
Acanthamoeba sp. T4 rRNA gene 2 2 0 0 
Amoebozoa sp. 6 2 2 2 
Echinamoeba exudans 2 0 2 0 
Echinamoeba sp. 1 0 1 0 
Entamoeba invadens 1 0 0 1 
Entamoeba nuttallii 4 2 1 1 
Flamella beringiania 1 0 1 0 
Flamella fluviatalis 1 1 0 0 
Flamella sp. 2 2 0 0 
Hartmannella sp. 2 1 1 0 
Korotnevella hemistylolepis 1 0 0 1 
Stenamoeba berchidia 1 0 0 1 
Stenamoeba sp. 2 2 0 0 
Thecamoeba similis 1 0 0 1 
Uncultured amoeba clone 1 1 0 0 
Uncultured Lobosea clone 1 0 1 0 
Uncultured Vermaboeba clone 2 1 1 0 
Vermamoeba vermiformis 33 16 14 3 
Vermamoeba vermiformis gene 2 0 2 0 
Vexillifera westveldii 2 1 1 0 
*Acanthamoeba castellanii Neff strain results were discarded, as the Neff strain is identical 
to the ATCC strain used in co-culturing the biofilm samples. 
In Table 4.4 the former genus “Hartmannella” was named in this study only 
if it was found to be a clone of an 18S ribosomal RNA gene. Other 




results, as it showed >99% sequence identity to all other  
V. vermiformis/H. vermiformis sequences. H. vermiformis is not closely 
related to other organisms within the Hartmannella genus, so a new genus 
was proposed it was renamed as Vermamoeba vermiformis by Smirnov et 
al. (2011).  
Most samples tested for the presence of amoebae yielded two results, 
indicating co-occurrence of at least two FLA in a single sample. Only one 
biofilm sample yielded a co-occurrence, namely Stenamoeba berchidia 
(previously isolated from soil, Geisen et al., 2014) and Korotnevella 
hemistylolepis (first isolated from brackish water, O’Kelly et al., 2001). 
Korotnevella hemistylolepis and others in Group 1, have large basket scales 
and small dish-shaped scales, forming a unique cell wall structure (Udalov, 
2015); they have also been reported from marine – and fresh water, as well 
as soil (Udalov, 2015). 
Entamoeba histolytica is a highly pathogenic parasite, but Entamoeba 
dispar is merely a commensal organism in humans (Nesbitt et al., 2004); it 
is, however, a parasite of reptiles (Brewer et al., 2008); these two organisms 
are morphologically identical and the closest relatives of each other 
(Diamond & Clark, 1993). In this study, E. nuttallii was found, a monkey 
pathogen (Tachibana et al., 2007); isolated from non-human primate 
(rhesus macaques and marmoset monkeys) faecal samples (Tachibana et 
al., 2013; Debenham et al., 2017). This is very much in line with what was 
expected, when taking the sample area into consideration, where vervet 
monkeys (Chlorocebus pygerythrus) were often sighted. 
For filter water samples, there were six co-occurrences: Echinamoeba sp. 
(an extremely thermophilic amoeba (33-57°C), isolated from hot water 
springs, Baumgartner et al., 2003) and Vermamoeba vermiformis 
(previously isolated from water, especially problematic in hospital water 
networks, Pagnier et al., 2015); uncultured Lobosea clone (major amoeboid 




(only recently discovered in Siberian permafrost and named in 2015, 
Shmakova et al., 2015); Vexillifera westveldii (isolated from pond water in 
Belgium, Van Wichelen, 2015) and Thecamoeba similis (terrestrial and 
marine habitat, Lepsi 1960); Vermamoeba vermiformis and Amoebozoa sp. 
(major taxonomic group) (Pawlowski et al., 2012); Vermiformis 
vermamoeba and uncultured Vermamoeba clone; Vermamoeba 
vermiformis and Amoebozoa sp. Seven source water samples had co-
occurrence of FLA: uncultured amoeba clone and Vermamoeba 
vermiformis; Flamella sp. and Lobosea sp.; Vermamoeba vermiformis and 
Amoebozoa  spp.; Entamoeba nuttalli (first isolated from a rhesus macaque 
in Nepal in 1908, Tachibana et al., 2013) and Acanthamoeba castellanii str. 
Neff (first discovered in soil in the USA, Neff 1957); uncultured Vermamoeba 
clone and Vexillifera westveldii; Acanthamoeba genotype T3 and 
Acanthamoeba genotype T15; Amoebozoa sp. and Vermamoeba 
vermiformis. 
In Vermamoeba vermiformis, inter-amoebal communication has been 
suggested, so as the encystment rate increases with cell concentration - it 
could, alternatively, mean that the cells communicate directly via contact. 
(Fouque et al., 2014). In Acanthamoeba spp., encystment is induced by 
catecholamine and could possibly be mediated by an andrenergic-like 
receptor, which activates cAMP (cyclic adenosine monophosphate) 
synthesis (Fouque et al., 2014). 
Thus far, Acanthamoeba castellanii genotype T4 have been shown to be 
most abundant in human infections, Siddiqui and Khan (2012) propose that 
they are more virulent and more likely to be transmitted than other 
genotypes; they are also less susceptible to disinfection. Apoptosis has 
been suggested in Acanthamoeba castellanii recently, where molecules are 
capable of activating an intrinsic apoptotic cascade; doxorubicin induces 
apoptosis and causes membrane blebbing, DNA fragmentation, shrinking 




In a recent study, amoebae were identified in a hospital water network; only 
organisms from the genus Acanthamoeba, Naegleria and Vermamoeba 
were isolated (Muchesa et al., 2017). This shows a different picture to the 
organisms isolated from borehole water, far less types of amoebae; but with 
very high pathogenic potential – especially to patients in a hospital setting. 
Could these results, perhaps, be an indication of susceptibility to 
disinfectants, as the hospital water network receives water from a municipal 
source, so only the hardiest organisms will pass through? A recent study 
done in Iran, results included Acanthamoeba spp., V. vermiformis, 
Miniamoebae as well as Thecamoebae (Niyyati et al., 2015) from tap water 
that is both chlorinated and filtered. 
Özçelik et al. (2012) believes that anywhere people can be found, there too, 
will be FLA; and when you compare the environmental abundance of these 
organisms, diseases caused by them are relatively rare. In their study, 
axenisation of strains could only be achieved by five of the 50 strains, and 
the environmental strains were found to be far more resistant to several 
chemicals than collection strains (Coulon et al., 2010; Özçelik et al., 2012). 
Other groups have also started to ask whether treated drinking water 
systems may harbour FLA and pose as a health risk. Thomas and Ashbolt 
(2010) explain that FLA can cause diseases such as primary amoebic 
meningoencephalitis (PAM) and amoebic keratitis (AK) but FLA still has a 
low burden of disease, with only 3000 cases of AK in 2004 and only 200 
PAM cases (Schuster & Visvesvara, 2004). Skin infections are caused by 
B. mandrillaris (Pritzker et al., 2004) and Acanthamoeba spp. (Readinger et 
al., 2006). FLA can also act as opportunistic pathogens, which often lead to 
brain pathologies (Visvesvara, Moura & Schuster, 2007; Qvarnstrom et al., 
2009) like GAE (granulomatous amoebic encephalitis (Acanthamoeba spp. 
and B. mandrillaris) and PAM (N. fowleri) (Gianinazzi et al., 2009); the vast 
majority of these are fatal (Schuster & Visvesvara, 2004). Healthy 
individuals are also at risk, with FLA colonising throats and nasal tracts 




Fever – always believed to be a Legionella spp. infection – could rather be 
caused by hypersensitivity to Acanthamoeba spp. (Rowbotham, 1986).  
Acanthamoeba spp. have been shown to be better able to tolerate a change 
in growth conditions (including a wide range of osmolarities in vivo and in 
vitro) than Naegleria spp. (Schuster, 2002). This was proven in 
Acanthamoeba spp. isolated from fresh- and marine water, soil and tissue 
culture; as they do not need the selection of prolonged adaptation that is 
needed in Naegleria spp. (Schuster, 2002). This trait is also very useful, as 
both water- and air currents have introduced FLA to inappropriate habitats 
and -salinities, yet they tolerate and persist their new environment (Page, 
1974; Page 1983; Hauer et al., 2001; Hülsmann & Galil, 2001; Hughes et 
al., 2003). 
Figure 4.1 shows a phylogenetic tree of the Acanthamoeba species that 
were isolated and categorised. This tree puts the different species into 
perspective as one can now see with a glance how different species relate 
to others. 
In the phylogenetic tree, space is limited, so only sample numbers could be 
stated in some cases. Table 4.5 shows all of these sample numbers and 
their corresponding genus and species. This tree only shows 
Acanthamoeba spp. Not enough data was available in order to draw such a 
tree of all the FLA samples isolated in this study. 
Numerous Acanthamoeba species were found but of all the Acanthamoeba 
spp. tested, only one pathogenic isolate was found (genus T4). There were 
also proteins found that could indicate the amoebae was not intact, but 
perhaps only pieces of DNA floating in the specific sources. Unlike viral RNA 
found in water sources, there is not yet studies on whether only amoebal 












Table 4.5 A list of sample numbers presented in the phylogenetic tree 
and their correlating isolated organisms. Genotype groups are 
highlighted in bold. 
Number Organism identified 
SA-1037 Acanthamoeba environmental sample clone Amb_18S_480 18S ribosomal 
RNA gene, partial sequence 
SA-986 Acanthamoeba sp. A-T4-1-89 small subunit ribosomal RNA gene, partial 
sequence/ Acanthamoeba sp. MN-2012 strain NW6-IR-T4 18S ribosomal 
RNA gene, partial sequence 
SA-57 Acanthamoeba castellanii str. Neff hypothetical protein (ACA1_153730) 
mRNA, partial cds 
SA-360 Acanthamoeba sp. AM22/T16 small subunit ribosomal RNA gene, partial 
sequence 
SA-363 Acanthamoeba sp. AM-3H/T16 18S ribosomal RNA gene, partial sequence 
SA-878 Acanthamoeba sp. LC-2013 strain CF4-132 18S ribosomal RNA gene, 
partial sequence 
SA-317 Acanthamoeba genotype T3 isolate KN46 18S ribosomal RNA gene, partial 
sequence/ Acanthamoeba genotype T15 isolate CHI100S-11 18S ribosomal 
RNA gene, partial sequence 
SA-60 Acanthamoeba sp. isolate B12 18S ribosomal RNA gene, partial sequence 
SA-278 Acanthamoeba castellanii str. Neff MORM repeat family protein 
(ACA1_052370) mRNA, complete cds 
SA-423 Acanthamoeba sp. AM-3H/T16 18S ribosomal RNA gene, partial sequence/ 
Acanthamoeba sp. AM-1H/T16 18S ribosomal RNA gene, partial sequence 
SA-983 Acanthamoeba castellanii str. Neff hypothetical protein (ACA1_387880) 
mRNA, complete cds 
SA-1180 Acanthamoeba castellanii str. Neff helicase conserved C-terminal domain 
containing protein (ACA1_093410) mRNA, complete cds 
SA-815 Acanthamoeba castellanii str. Neff BTB/POZ domain containing protein 
(ACA1_057960) mRNA, complete cds 
4.3 Free-living amoebae (FLA) and amoeba-resistant bacteria 
(ARB) 
Table 4.6 is a complete table of all the co-culture samples (samples co-
cultured with Acanthamoeba castellanii type strain to investigate bacterial 
predation by amoebae). Starting from total samples and breaking it down 
into source, treated and biofilm samples. These samples were viewed under 
an inverted microscope after the raw sample was added to an amoebal type 
strain. Note that the table shows what was visually seen by the microscope 
user, this may not correlate with specific testing data such as PCR. The 
categories identified were: “Trophozoites” – these include any amoebal 
trophozoites that could be seen. “Round cysts” – as opposed to 
characteristic “Acanthamoeba cysts” with tell-tale shape and double wall. 




motile. “ICB” refers to “intracellular bacteria” and whether they were present 
or motile within the amoebae.  The number of trophozoites could be from 
either amoebae found in the samples or the Acanthamoeba type strain 
which was added to the samples.  
When looking at the plate after the wash, intact amoebae with intracellular 
bacteria meant that the amoebae ingested bacteria as a meal. If the bacteria 
are motile, we can assume (depending on the timeline) that these may be 
ARB, as they have not yet been killed by the amoeba. In the same way, we 
can look for amoebal remnants and motile extracellular bacteria, which 
points to the fact that some ARB had already lysed the amoeba and 
escaped into the PAS. In this way, it can be shown that the Trojan-horse 
theory is still very much applicable and easy to prove. 
Cysts other than Acanthamoeba (from here on referred to as “round cysts”) 
could only be from the samples, this indicates that there are many amoebae 
present in the water of the settlements. The household-treated (filtered) 
water showed the highest number of amoebal cysts, at 50% of the treated 
water samples. Approximately a third of all the ECB were motile in the co-
culture, when viewed under the microscope; which would indicate that they 
were alive and able to multiply. We cannot speculate on whether the ECB 
were in their planktonic phase in the water, or whether they have exited 
amoebae at that point in time. 
Table 4.6 summarises the co-culture results of all water sources together 
with the A. castellanii type strain. The rationale behind the co-culture step is 
to determine whether amoebae will take up the bacteria present in the water 
sample and to determine if the bacteria are ARB or not. When the water 
was first mixed with the type strain and left to incubate, it is assumed that 
the pure type strain will start feeding on all available bacteria. With the liquid 




Table 4.6 Frequency of FLA and ARB co-culture.  









































































*- Based on characteristic microscopic shape 
ECB – Extracellular Bacteria 




When looking at the amoebae, it should then (ideally) show intracellular 
bacteria after ingestion; whether the bacteria stay inside the vacuole (Steinert, 
2011; Tosetti et al., 2014), or escape into the cytosol (Steinert, 2011).The 
cytosol provides nutrients and makes up part of the hosts immune system, so 
this would be the ideal place to be for the bacteria (Ray et al., 2009). The 
bacteria will then either replicate inside the vacuole or cytoplasm (Schmitz-
Esser et al., 2008; Friedrich et al., 2012). The results show that approximately 
one third of the ECB that were present, were motile. It can be assumed that the 
other two thirds have died due to lack of nutrients, not kept at their favourable 
temperature, or some may have been dead when sampling and was just seen 
as part of the process.  
The ICB group, however, had very few bacteria inside the amoebae, but a far 
larger percentage of them were motile. This could point to the fact that the 
bacteria that are able to enter the amoebae and not be digested, are very 
strong and thus able to survive. 
The statistical software SSPS was used to cross-tabulate the differences in 
results of amoebal presence/absence when bacteria are absent (Table 4.7) 
and bacteria are present (Table 4.8), per settlement. Table 4.9 is a summary 
of these tables and shows the totals, rather than per sampling area. 
When looking at the data presented in Table 4.7 – 4.9, although not statistically 
significant, it does show that the presence of amoebae is high when there is a 
high number of bacteria, and vice versa, regardless of filters. This could 
possibly be indicating a lower quality of water when both types of organisms 
are present. In 2009, microcosm studies on different groups of protozoa 
showed that nitrifying bacterial numbers increase, potentially because of the 
increased amounts of ammonium generated when protozoa graze (Rosenberg 




Table 4.7 Frequency of amoebae presence/absence in the absence of 
bacteria, per settlement. 










Absent 1 Treated 42 5 (11.9%) 37 (88.1%) 
  Source 16 3 (18.8%) 13 (81.3%) 
Absent 2 Treated NA NA NA 
  Source 35 4 (11.4%) 31 (88.6%) 
Absent 3 Treated NA NA NA 
  Source 48 1 (2.1%) 47 (97.9%) 
Absent 4 Treated 92 14 (15.2%) 78 (84.8%) 
  Source 27 3 (11.1%) 24 (88.9%) 
Absent 5 Treated 64 9 (14.1%) 55 (85.9%) 
  Source 17 3 (17.6%) 14 (82.4%) 
Absent 6 Treated 41 1 (2.4%) 40 (97.6%) 
  Source 21 0 21 (100%) 
Absent 7 Treated 36 3 (8.3%) 33 (91.7%) 
  Source 19 6 (31.6%) 13 (68.4%) 
Absent Total Treated 275 32 (11.6%) 243 (88.4%) 
  Source 183 20 (10.9%) 163 (89.1%) 
Table 4.8 Frequency of amoebae presence/absence in the presence of 
bacteria, per settlement. 










Present 1 Treated 14 1 (7.1%) 13 (92.9%) 
  Source 19 1 (5.3%) 18 (94.7%) 
Present 2 Treated NA NA NA 
  Source 29 2 (6.1%) 27 (93.9%) 
Present 3 Treated NA NA NA 
  Source 57 6 (10.5%) 51 (89.5%) 
Present 4 Treated 28 3 (10.7%) 25 (89.3%) 
  Source 46 0 46 (100%) 
Present 5 Treated 16 2 (12.5%) 14 (87.5%) 
  Source 37 3 (8.1%) 34 (91.9%) 
Present 6 Treated 13 0 13 (100%) 
  Source 14 1 (7.1%) 13 (92.9%) 
Present 7 Treated 10 0 10 (100%) 
  Source 11 0 11 (100%) 
Present Total Treated 81 6 (7.4%) 75 (92.6%) 




Table 4.9 Frequency of the relationship of presence/absence of bacteria 
and amoebae, respectively. Percentages are indicated in 
brackets. 









Absent  Treated 544 475 (87.3%) 69 (12.7%) 
  Source 83 78 (94.0%) 5 (6.0%) 
 Total  627 553 (88.2%) 74 (11.8%) 
Present  Treated 208 197 (94.7%) 11 (5.3%) 
  Source 86 78 (90.7%) 8 (9.3%) 
 Total  294  275 (93.5%) 19 (6.5%) 
Total  Treated 752  672 (89.4%) 80 (10.6%) 
  Source 169  156 (92.3%) 13 (7.7%) 
 Total  921 828 (89.9%) 93 (10.1%) 
Other mechanisms involved, when comparing bacterial numbers versus 
amoebal numbers, include the fact that some amoebae may die or encyst due 
to starvation when select bacteria have adapted to produce toxins that target 
protozoa (Singh, 1945). Many of these are Gram-negative bacteria that have 
learned to biologically form toxins in order to survive the presence of grazing 
protozoa (Weekers et al., 1993). But in most cases, protozoal grazing is still 
the main method of controlling of bacterial populations and nutrient cycling – 
especially nitrogen turnover - in nature (Weekers et al., 1993). 
4.4 Amoeba-resistant bacteria 
“We use the term amoeba-resistant bacteria instead of endosymbionts, since 
many of the bacteria able to resist destruction by free-living amoebae do not 
represent true endosymbionts, and it is also the case that endosymbionts may 
be endosymbiotic or lytic in a given amoeba, depending on the environmental 
conditions.” – Evstigneeva et al. (2009). This quote is an explanation of why 
this research project adopted the term “amoeba-resistant bacteria”, rather than 
“endosymbionts”, as preferred by others. The two terms vary greatly, and we 




All of the bacteria referred to in this section is intracellular bacteria, as they all 
had to pass through amoebal sub-culturing in order to be isolated. In Table 
4.10, the results of all selective media are tabulated, and separated by source 
type. Although the selective media shown does not necessarily represent the 
organisms found, it is easier to show the results in this format. Each media will 
later be examined in detail. (Table 3.3 lists the organisms routinely isolated by 
each specific selective media in detail).  
When testing for Vibrio spp., no growth was observed on any of the TCBS 
media plates. Because of this, the TCBS media has been omitted from Table 
4.10. There were also no positive colonies for Salmonella spp. All of these 
selective media results were presumptive and further testing was done on each 
sample in order to confirm which organism it was. The results of these tests 
are discussed at a later stage. 
Organisms of the Mycobacterium tuberculosis (M. tuberculosis) complex may 
take on a few forms in liquid media, especially as most samples will be mixed 
with other organisms. Usually, they can be identified by buff-coloured growth 
that often resembles bread crumbs. Non-tuberculous mycobacteria can differ 
greatly in appearance; mostly smaller particles than that of the M. tuberculosis 
complex and, depending on the species, either yellow, orange or beige. A 
sample can only be reported as negative when there is no growth present after 
six weeks of incubation. 
The positive ZN results were obtained after growth on Middlebrook 7H9 with 
OADC media for the isolation of Mycobacterium spp., in Table 4.10, it is shown 
that for Mycobacteria (shown by the “+ ZN” result), stored water contained more 
organisms than the filtered water. Coliforms showed only a marginal difference 
between the filtered and stored water. When looking at the percentages, 
settlement 6 seems to have the most Mycobacterium spp. in its water. This 




The area on which settlement 6 is based also has a very different topography 
than that of the other areas. Settlement 6 was surrounded by hills, whereas the 
other areas were rather flat. The hills obviously contribute to a very large area 
where the water run-off is then slightly concentrated in lower-lying parts, 
possibly resulting in a mix of more organisms than in other areas.  
There are currently more than 140 species in the genus Mycobacterium 
(Euzéby, 2009). To return to the Trojan horse analogy mentioned in the 
literature review, M. leprae was the first of all the Mycobacterium spp. to survive 
in FLA (even though no multiplication was observed, or lysis of the amoeba) 
(Jadin, 1975). After this breakthrough, other in vitro tests showed that  
M. smegmatis, M. phlei and M. fortuitum accumulated in large enough numbers 
to eventually lyse the amoebae (Krishna-Prasad & Gupta, 1978). Researchers 
continued to study these interactions in-depth and found M. avium to be more 
virulent when grown in amoebae than when grown in broth cultures (Cirillo et 
al., 1997); M. avium was also able to survive within the cyst form of 
Acanthamoeba polyphaga (Steinert et al., 1998). 
Initially, it was thought that Shigella was found in high numbers in all the 
settlements and in both stored and filtered water. The respective selective 
media does select for specific organisms by special additives and nutrients that 
cater for a specific genus; this, however is by no means a gold standard of 
identifying bacteria. In the case of this study, many isolates were presumptively 
identified as Shigella, but with PCR and sequencing, this was found to not be 
the case and there were no Shigella spp. isolated. (Not one isolate of E. coli, 
Vibrio spp. or Salmonella spp. were isolated in this study; which is crucial when 




Table 4.10 Organisms isolated by selective media from source water versus treated water, per settlement.  
Settlement Water 
sample type 






1 Treated 20 2 (10%) 2 (10%) 0 13 (65%) 0 0 
1 Store 28 6 (21%) 5 (18%) 0 12 (43%) 2 (7%) 2 (7%) 
2 (control) Store only 50 12 (24%) 2 (4%) 1 (2%) 22 (44%) 1 (2%) 1 (2%) 
3 (control) Store only 95 24 (25%) 8 (8%) 1 (1%) 36 (38%) 3 (3%) 2 (2%) 
4 Treated 51 6 (12%) 1 (2%) 0 24 (47%) 0 0 
4 Store 57 12 (21%) 6 (11%) 1 (2%) 34 (60%) 1 (2%) 2 (4%) 
5 Treated 29 2 (7%) 2 (7%) 0 14 (48%) 1 (3%) 0 
5 Store 46 14 (30%) 5 (11%) 1 (2%) 28 (61%) 4 (9%) 0 
6 Treated 14 3 (21%) 0 0 9 (64%) 0 0 
6 Store 27 8 (29%) 2 (7%) 0 10 (37%) 1 (4%) 0 
7 Treated 16 1 (6%) 1 (6%) 0 8 (50%) 2 (13%) 0 
7 Store 20 4 (20%) 1 (5%) 0 7 (35%) 0 1 (5%) 
+ ZN = Ziehl-Neelsen stain (confirmation stain for Mycobacterium spp.) 
BCYE = Buffered charcoal yeast extract (selective media for Legionella spp.) 




4.4.1 16S rRNA PCR and Sequencing 
4.4.1.1 Mycobacteria 
In Table 4.11, 65 of the non-tuberculous mycobacteria (NTM) are shown that 
were recovered and sequenced. Unfortunately, 30 of the 95 samples could not 
be amplified by PCR and thus not sequenced. PCR and sequencing were 
outsourced, so the error that caused 30 samples to not be amplified could not 
be corrected by troubleshooting and is thus lost. All 95 samples had a positive 
Ziehl-Neelsen stain, but it was decided to leave the 30 results as unknown after 
a second attempt to PCR and sequence was unsuccessful.  
Table 4.11 16S rRNA sequencing results of samples with positive Ziehl-
Neelsen stains. 
Mycobacterium species n Mycobacterium species n 
M. chlorophenolicum 1 M. noviomagense 1 
M. chubuense 4 M. pallens 3 
M. cosmeticum 1 M. poriferae 7 
M. elephantis 1 M. psychrotolerans 1 
M. fallax 1 M. rhodesiae 1 
M. farcinogenes 1 M. salmoniphilum 15 
M. florentinum 10 M. smegmatis 1 
M. gilvum 1 M. tokaiense 1 
M. intermedium 5 M. triplex 3 
M. llatzerense 7   
Table 4.11 lists all of the Mycobacterium spp. isolated. Many organisms have 
their origin in animal samples, such as M. elephantis, which was first recovered 
from an elephant carcass, with death due to mycobacterial lung disease 
(Shojaei et al., 2000). M. farcinogenes causes a chronic infectious disease 
(bovine farcy) in cattle found in East- and Central Africa (Chamoiseau, 1979). 
M. salmoniphilum is associated with salmonid fishes – this was the most 
isolated organism, but the lack of large bodies of water and animal presence 
restricted to cattle, goats, horses, chickens and dogs on the settlements makes 




recovery of M. salmoniphilum, as it is recovered from treatment plants as both 
are associated with marine environments (Padgitt & Moshier, 1987; Whipps et 
al., 2007). Further investigation will be needed to clarify the presence of these 
bacteria in such large numbers. M. cosmeticum is a strange find, as this is 
usually recovered from nail salons (Cooksey et al., 2004). M. gilvum is not only 
isolated from water and soil samples but has also been shown to live and 
multiply in free-living amoebae (Lambaret & Drancourt, 2013). 
When comparing a few results from Table 4.11 to a review by Salah et al. in 
2009, we can see M. porifae has also been found in sand biofilm (Thomas et 
al., 2008) and identified using 16S rDNA sequencing; M. rhodesiae was found 
in landfills/illegal dumping sites by usng the hsp65 gene to sequence the 
organism (Wang et al., 2006). M. smegmatis was then shown to survive in 
specific forms of amoebae: in A. castellanni trophozoites only (Sharbati-
Tehrani et al., 2005), in A. polyphaga Linc-API throphozoites and cysts 
(Adekambi et al., 2006), and in A. castellanni ATCC30234 trophozoites and 
cysts (Cirillio et al., 1997), proving that not all amoebal life-forms are suitable 
hosts for all types of bacteria. 
An article with a similar sampling area to ours explored the mycobacteria found 
in small mammals that lived on farms in Tanzania. Bovine TB and atypical 
mycobacterioses may not only impact the animals they infect, but also human 
health and the economy (Kazwala, 1996; Hendrick et al., 2005; Corner, 2006); 
this then also implies that areas with a reservoir of bovine TB in wildlife, will be 
prone to find this disease in cattle (Durnez et al., 2011). In several countries in 
Africa, the USA and UK, a few animals were identified that act as a reservoir 
for M. bovis, they include: bison, African buffalo, European badger, white-tailed 
deer and brushtail possums (de Lisle et al., 2001). South Africa has been the 
focus of most research of wildlife M. bovis in the sub-Saharan Africa (Bengis et 
al., 1996; Keet et al.,1996; Kirberger et al., 2006; Drewe et al., 2009). The aim 




for M. bovis or any other non-tuberculous mycobacteria that may infect humans 
and cattle (Durnez et al., 2011).  
A few mycobacteria isolated have been shown to be human pathogens, but 
has not yet been linked with mycobacterial infections in cattle or their milk, 
though it has been isolated from such samples several times (Thorel et al., 
2001; Dvorska et al., 2004; Durnez et al., 2009) these organisms include  
M. chelonae, M. szulgai and M. intracellulare (all known to cause pulmonary 
disease, skin- and disseminated infection in patients with or without healthy 
immune systems) (Leão et al., 2004). In this same study, two NTM were 
isolated from a black rat, and was later isolated from the milk of cattle on the 
same farm (Durnez et al., 2011). Another mammal, the lesser musk shrew, was 
found to be host to M. intracellulare, M. colombiense and M. chimaera (all which 
form part of the pathogenic M. avium-complex) (Leão et al., 2004). Two cases 
involved the NTM being recovered from lesions; M. terrae from a swollen black 
rat foot, and M. intracellulare from a swollen lymph node of the Gambian 
pouched rat (Durnez et al., 2011). 
All of these examples prove that mycobacteria are able to cause not only 
colonization of a host, but also disease; worse than that, some animals are also 
able to spread these organisms over very large areas. If the main water source 
is contaminated with pathogenic mycobacteria, it makes sense that human and 
animals may be infected. Persons who perform manual labour would also be 
exposed by any type of lesions on their hands or feet where the organisms can 
gain easy access. Even good hand hygiene may not prove to be effective, if 
the water that is used contains pathogenic bacteria of any sort.  
4.4.1.2 Legionella 
When the FLA were sent to our collaborators in Germany, they also 




sample grew on BCYE media, even after enrichment. Seven samples of 
Legionella were identified by PCR and sequencing (of the FLA tested by PCR 
and sequencing, Legionella made up 9.41%). In 1 out of 169 samples, 
Legionella pneumophila co-occurred with V. vermiformis, while in 6 of 169 
samples, Legionella pneumophila co-occurred with other FLA, as seen in Table 
4.12.  
Of all seven tested suspensions, only one sample was confirmed as Legionella 
by means of Legionella Latex Test (Oxoid, DR0800); it was a water sample that 
was taken before the introduction of the household treatment, i.e. a source 
water sample. 
Table 4.12 Occurrence of FLA in source water, treated water and biofilm. 







Acanthamoeba spp. 10 (15.6%) 1 (2.1%) 3* (5.3%) 14 (8.3%) 
V. vermiformis 15 (23.4%) 16 (33.3%) 4 (12.9%) 35 (20.7%) 
L. pneumophila co-occurring 
with V. vermiformis 
2 (3.1%) 0 0 2 (1.2%) 
L. pneumophila co-occurring 
with other organisms 
2 (3.1%) 2 (4.2%) 2 (3.5%) 6 (3.6%) 
Other FLA 14 (21.9%) 12 (25.0%) 6 (10.5%) 32 (18.9%) 
**Slime mould isolated 9 (14.1%) 6 (12.5%) 11 (19.3%) 26 (15.4%) 
PCR with no result 12 11 31 54 
Total 64 (32%) 48 (24%) 57* (29%) 169*(85%) 
*Acanthamoeba castellanii Neff strain results were discarded, as the Neff strain is identical to 
the ATCC strain used in co-culturing the biofilm samples. 
It was noted that there were extracellular bacteria present in the sample and 
Acanthamoeba spp. cysts, but no intracellular bacteria were seen 
microscopically). In Figure 4.2, the white arrow points to a positive 





Figure 4.2 Positive latex agglutination test result. 
Figure 4.2 leads us to believe that the bacteria might have been present and 
not seen, or perhaps phenotypically altered due to a viable but non-culturable 
state (VBNC), or perhaps there was no in-tact bacteria and the specific PCR 
picked up bacterial DNA only. The VBNC state is often seen in Gram-negative 
bacteria when under stress (Oliver, 2010), where the organism can then either 
recover or die (Bogosian & Bourneuf, 2001; Ducret et al., 2014). This state 
causes the bacteria to stop growing on media, but some characteristics of 
viable cells are still present, such as virulence, metabolic activity and the 
integrity of the cellular membranes (Oliver, 2010). Many stressors can lead to 
this state, but starvation is usually the most important (Schrammel et al., 
submitted; Steinert et al., 1997), followed by chemical treatments (García et al., 
2007) and heat (Allegra et al., 2008) that causes the organism to lose their 
culturability in media (Kirschner, 2016). Many studies have found that time 
within amoebae can potentially resuscitate VBNC organisms (Steinert et al., 
1997; García et al., 2007; Ducret et al., 2014). However, only one to three out 
of 100,000 VBNC cells was able to perform this feat in a study done by Al-Bana 
et al. (2014).  
Legionella spp. may infect humans when bioaerosols are inhaled (Conza et al., 
2013). In the rural setting of this study, including most study participants doing 




exposed to groundwater and other possibly contaminated water sources 
(Visvesvara et al., 2007; Yoder et al., 2010), also soils and composts (Shakoor 
et al., 2011; Yoder et al., 2012; CDC, 2013), which may also harbour Legionella 
spp. (Conza et al., 2013). Dietersdorfer et al., (2018) have proven that  
L. pneumophila strains, even VBNC, can directly infect human macrophages 
after a long period of starvation, but efficacy is reduced. When organisms come 
into contact with a compromised immune system, even reduced efficacy in 
infecting a host may be enough to cause disease. 
4.4.1.3 Coliform bacteria 
Pink and/or purple colonies from the Brilliance E. coli / Coliform Selective Media 
were picked from the plates and sent for 16S rRNA PCR and sequencing, the 
results are listed in Table 4.13. Each colony picked was a pure colony from the 
selective media plate. The organisms isolated from the coliform selective media 
will be discussed in depth in the next chapter. Some organisms were expected 
in the sampling areas, but some organisms are not usually associated with 
natural environments. 
Table 4.13 Organisms identified from growth on coliform selective media. 
Organism n Organism n 
Achromobacter insolitus 1 Klebsiella variicola 1 
Achromobacter spanius  1 Pragia fontium 1 
Enterobacter amnigenus 1 Pseudomonas geniculata 1 
Enterobacter asburiae 6 Pseudomonas kilonensis 1 
Enterobacter cancerogenus  2 Pseudomonas otitidis 1 
Enterobacter kobei  2 Pseudomonas tremae 1 
Enterobacter ludwigii 8 Serratia ureilytica 1 
Klebsiella oxytoca 1 Stenotrophomonas maltophilia  6 
In Table 4.13, it is interesting to note that not one organism was E. coli, as 
would have been expected to be present in water samples, especially because 
of the rural setting and lack of municipal sanitation systems. Stenotrophomonas 




1998). Enterobacter, Serratia and Klebsiella are all known coliform bacilli 
(Guentzel, 1996). Pragia, however, is a relatively new genus in the family 
Enterobacteriaceae (Eldová et al., 1988) and one of the few in this family that 
is isolated almost exclusively from environmental samples (Snopková et al., 
2015). Snopková et al. (2015) also reported that apart from one stool sample 
from a healthy human, most other samples are from water wells or water pipes. 
4.4.1.4 Organisms isolated from XLD media 
All the positive growth on XLD media suggested many Shigella species would 
be isolated. This was not the case, and it was proven when ten randomly 
chosen isolates were sent for 16S rRNA PCR and sequencing. Table 4.14 
shows the organisms found. In the case of XLD media, xylose is the 
carbohydrate source. This is not fermented by Pseudomonas spp. and 
Achromobacter spp., as is the case with most enteric pathogens; rather, it is 
oxidized by these two genuses, also resulting in red colonies. Other organisms 
may cause red colonies due to the fact that they are positive when testing for 
lysine. 
Table 4.14 Organisms isolated from XLD media – initially assumed to be 
Shigella spp. (n=10) 
Organism n 
Achromobacter spanius 1 
Pseudomonas sp. 2 
Pseudomonas fluorescens 5* 
Pseudomonas monteilii 1 
Pseudomonas moraviensis 1* 
Pseudomonas putida 1 
*One sample yielded two strains of Pseudomonas, both are listed. 
Although XLD media is widely used to isolate Gram-negative enteric pathogens 
from faecal samples or food, it has not been tested, and is not routinely used 
on water samples. Shigella spp. form red colonies on XLD, this is because the 




and there is no change in the colour of the indicator. Other organisms lower the 
pH, which causes the media to change to yellow. Shigella spp. is often 
mistaken for Pseudomonas aeruginosa, due to their colour similarity, in fact, all 
lysine-positive organisms produce red colonies (Hardy Diagnostics). 
4.4.1.5 Unknown organisms 
Knowing that some bacteria may enter a viable but non-culturable state, a total 
of 78 organisms were sent for PCR and sequencing after no growth was 
observed on any of the chosen selective media used in this project. Growth of 
these organisms were achieved only on nutrient agar (section 3.2.8 d). Table 
4.15 shows the sequencing results by the BLAST tool. The table also shows 
where the first organism of each kind was isolated and published.  
This study yielded many interesting organisms. Mostly, organisms like  
E. cancerogenus (Demir et al., 2014), E. amnigenus (Murugaiyan et al., 2015), 
K. variicola (Mukherjee et al., 2016), K. oxytoca (Podchun & Ullmann, 1998), 
S. rhizophila (Mishra et al., 2017), A. xylosoxidans (Busse & Auling, 2005),  
C. segnis (Patel et al., 2015) and P. validus (Padda et al., 2017) that one would 
expect in soil, water and plants. But many other organisms have only been 
recovered from clinical specimens through the years, such as M. oxydans and 
M. paraoxydans (Gneiding et al., 2008), A. insolitus (Coenye et al., 2003) and 
S. maltophilia (Parkins & Floto, 2015) which might be of concern for 
immunocompromised participants of the study.  
The fact that all of the organisms could be sequenced to determine genus and 
species adds to the novelty of this study. Other researchers in South Africa 
(Carstens et al., 2014; Mulamattthil et al., 2015) have looked at similar water 
sources, with similar antimicrobial resistance screenings, but they only look at 
the organisms from a heterotrophic plate count (HPC) perspective – not 




routinely used to measure the overall bacterial quality of water, it measures 
colony formation only. Which would a) not identify VBNC isolates, b) not identify 
dead bacteria which are unable to grow, and c) limits results to speculation, as 
there is no definitive group of organisms isolated which are known and have 
been characterised.  
The genus Achromobacter has a high prevalence of infection in cystic fibrosis 
(CF) patients, but have also been known to cause other infections, such as 
bacteraemia, pneumonia, meningitis, UTI and other nosocomial infections 
(Abbot & Peleg, 2015; Jeukens et al., 2017). Achromobacter insolitus has been 
recovered from a laboratory sink, urine, a leg wound, as well as other wounds 
(Coenye et al., 2003). Achromobacter xylosoxidans is found in oligotrophic 





Table 4.15 16S rRNA sequencing results of organisms that could not be tested on selective media, and where it was 
previously isolated. 
Organism name n Reported studies where the organism was previously 
isolated from 
Reference 
Achromobacter marplatensis 1 Pentachlorophenol-contaminated soil Gomila et al., 2011 
Achromobacter spanius 1 Human clinical samples Coenye et al., 2003 
Achromobacter sp. 6 Fresh- and sea water, soil Gray et al., 2010 
Achromobacter xylosoxidans 1 Human bacteraemia & pneumonia Duggan, 1996 
Arthrobacter nicotinovorans 1 Soil Sandu et al., 2005 
Caulobacter segnis 1 Soil Urakami et al., 1990 
Microbacterium oxydans 5 Human clinical samples Gneiding et al., 2008 
Microbacterium paraoxydans 13 Human clinical samples Gneiding et al., 2008 
Microbacterium sp. 1 Human clinical samples Gneiding et al., 2008 
Paenibacillus validus 1 Soil, water, rhizosphere, vegetable matters, fargae, insect 
larvae and human clinical samples 
Padda et al., 2017; McSpadden & 
Gardener, 2004 
Pseudomonas fluorescens 7 Plants, soil, rhizosphere and human clinical samples Cho & Tiedje, 2000; Alouache et al., 
2012; Wu et al., 2012; Molina et al., 2014 
Pseudomonas koreensis 2 Agricultural soil Kwon et al., 2003 
Pseudomonas monteilii 1 Human clinical samples Elomari et al, 1997 
Pseudomonas poae 1 Phyllosphere of grasses Behrendt et al., 2003 
Pseudomonas putida 4 Plants, soil, rhizosphere & human clinical samples Cho & Tiedje, 2000; Alouache et al., 
2012; Wu et al., 2012; Molina et al., 2014 
Pseudomonas rhodesiae 1 Natural mineral water Elomari et al., 1995 
Pseudomonas sp. 6 Saprophytes & contaminated human clinical samples Gilardi, 1972 
Pseudomonas vancouverensis 1 Soil Mohn et al., 1999 
Rhodococcus erythropolis 1 Soil, rocks, groundwater, seawater, plants, animals & gut of 
insects 
Park et al., 2011 
Stenotrophomonas maltophilia 3 Various aquatic environments  Brooke, 2012 





Mycoplana segnis was originally classified in 1990 by Urakami et al. when first 
isolated from soil (Patel et al., 2015). The organism has since then been 
reclassified as Caulobacter segnis by Abraham et al. (1999). The genus has 
well known bacteria that play roles in mainly nitrogen fixation as well as 
adjustment of redox processes (Tsoy et al., 2016), but C. segnis is still relatively 
unresearched. 
Mallard ducks are a likely zoonotic E. coli reservoir and harbour a variety of 
pathogenic, and non-pathogenic, Enterobacteriaceae like Enterobacter 
cloacae and Enterobacter amnigenus in their intestines (Murugaiyan et al., 
2015). Another zoonotic infection by E. amnigenus is a parasitic disease 
caused by a Kenyan sand fly (Nyangacha et al., 2017) which causes severe 
inflammation, ulceration and intense pain; secondary infections due to this 
organism includes: pneumonia, toxic shock syndrome, meningitis, 
osteomyelitis, endocarditis, and septicaemia (Nyangacha et al., 2017). Within 
E. amnigenus, the irp2 gene can be found – this is a Yersinia sp. typical gene, 
which initiates the synthesis of siderophore yersiniabactin (Lopes et al., 2016). 
Samples from hospital- and community acquired infections, from both 
oropharyngeal- and faecal microbiota have proven this – this is the first report 
of irp2 in E. amnigenus and is said to be the virulence factor needed to establish 
extra-intestinal infections (Lopes et al., 2016). As a whole, the genus 
Enterobacter are common in nosocomial infections; as stated above,  
E. amnigenus is responsible for many infections and have been isolated from 
both water- and clinical samples (Stock & Weidemann, 2002).  
E. cancerogenus is mainly isolated from human blood and cerebrospinal fluid, 
also wounds and UTI’s – when compared, E. amnigenus and E. cancerogenus 
showed similar antibiotic susceptibility patterns (Stock & Weidemann, 2002). 
E. cancerogenus is part of normal oral flora and has caused bacteraemia in a 




organism is also commonly associated with trauma, especially crush injuries; 
and rarely seen in UTI’s after environmental exposure (Bowles et al., 2006). It 
is also part of the normal skin flora of some people and can be an opportunistic 
pathogen after invasive procedures (Demir et al., 2014). E. cancerogenus has 
been shown to have a natural resistance to aminopenicillins and/or narrow- and 
extended spectrum cephalosporins (Demir et al., 2014). 
Enterobacter kobei is one of six organisms that make up the E. cloacae-
complex, and very difficult to identify in a clinical setting, as its phenotype is 
similar to E. cloacae – this leads to underestimation and misdiagnosis 
(Hoffmann et al., 2005). E. cloacae-complex is often found on implanted 
devices, as it can form biofilm (Hoffmann et al., 2005), and makes up 8% of 
nosocomial bacteria to be recovered from ICU patients (Garazzino et al., 2005). 
K. oxytoca has been isolated from mucosal surfaces of mammals and in many 
environmental habitats, which would fit with the sampling area (Podschun & 
Ullmann, 1998), but have also been known to cause diarrhoea in hospitalised 
patients (Cheng et al., 2012) and is becoming a very dangerous hospital-
acquired pathogen, due in part to bad hand hygiene practices in hospital 
environments (Lowe et al., 2012). This organism is also found to be associated 
with bloodstream, intra-abdominal, and urinary tract infections (Yang et al., 
2018). Other infections caused include: septic shock after platelet transfusion 
in a patient with metachromatic leukodystrophy (Egger et al., 2017), 
endocarditis in an intravenous drug user (Hauser et al., 2017), sepsis and liver 
abscess (Paasch et al., 2017), and even septic arthritis in a one-month-old 
(Hertting et al., 2017). 
K. variicola has been isolated from various sources, including milk from cows 
that suffer from bovine mastitis (Podder et al., 2014), giant panda faeces – the 
specific strain, HKUOPLA, was found to be cellulose-degrading (Lu et al., 




POU water in Haiti, where 38 bacterial families and 60 genera were isolated, 
including K. variicola (Mukherjee et al., 2016). With all these great applications, 
it is still an organism that should be handled with care, as K. variicola has been 
shown to have higher mortality in bloodstream infections, when compared to 
K. pneumoniae (in the Stockholm area) (Maatallah et al., 2014). 
The genus Microbacterium consist of 55 species, none of which are frequently 
found as pathogens (Gneiding et al., 2008). But the organisms recovered from 
this study, M. oxydans and M. paraoxydans, are most frequently isolated from 
human clinical samples (Gneiding, et al., 2008). In one case, M. paraoxydans 
led to bacteraemia in a leukaemia patient (Laffineur et al., 2003), so 
immunocompromised individuals are at risk. Unlike Microbacterium spp., 
Paenibacillus validus have been found in human clinical samples, but it is 
mostly isolated from soil, water, vegetable matter, insect larvae and the 
rhizosphere of plants (McSpadden & Gardener, 2004; Padda et al., 2017) – 
one of the few organisms that we were expecting to find in the rural study site. 
Stenotrophomonas spp. are mainly soil inhabitants but can be found in many 
different environments (Berg et al., 1999; Ryan et al., 2009). It can also play a 
role in bioremediation, plant growth promotion, element cycle and biocontrol of 
phytopathogens (Mishra et al., 2017). This genus also produces indole-3-acetic 
acid (plant growth hormone), antibiotics, fungal cell wall degrading enzymes 
and volatile organic compounds (Mishra et al., 2017). S. rhizophila is 
associated with both the rhizosphere and phylloplane, and an important plant 
growth promoting bacterium; it also exhibits a very high salt tolerance (Mishra 
et al., 2017). 
One of the most prominent emerging pathogens currently, Stenotrophomonas 
maltophilia (S. maltophilia), also has intrinsic antibacterial resistance 
(Vartivarian et al., 1994; Quinn, 1998) and MDR strains have been seen in the 




use seems to be the leading predisposing factor for S. maltophilia infections 
(Ballestero et al., 1995; Denton et al., 1996; Muder et al., 1996; Van 
Couwenberghe et al., 1997). Risk factors for acquiring this infection include HIV 
infection, cystic fibrosis, corticosteroid-, immunosuppressant -, and recent 
antibiotic therapy, organ transplantation, mechanical ventilation, catheters or 
underlying malignancy (Al-Anazi & Al-Jasser, 2014). S. maltophilia infections 
are mostly perceived as nosocomial infections, but community acquired 
infections are increasing (Falagas et al., 2009; Chang et al., 2014). 
Anti-microbial isolates of S. maltophilia have been recovered from sea urchin, 
sponge and sea star from the Philippine Sea, the Bering Sea and the Fiji Sea 
(Romanenko et al., 2008). Environmental isolates of S. maltophilia has the 
potential to be a source of anti-microbial metabolites, as it exhibited 
antagonistic activity against S. aureus, B. subtilis & E. faecium (Brooke, 2012). 
S maltophilia isolates recovered from a marine fish farm had ampicillin, 
panipenem, cefotaxime and ceftazidime resistance (Furushita et al., 2005). 
Because of the survival of S. maltophilia on most humid surfaces, many isolates 
have been recovered from taps, shower heads, endoscopes, haemodialysis 
equipment, suction tubing, nebulisers, but also from the plant rhizosphere 
(Brooke, 2012). This is probably due to the fact that this organism has the ability 
to form biofilm on nearly any surface, including lung cells (de Oliveira-Garcia et 
al., 2003; Pompilio et al., 2010). All of these factors lead the WHO to classify 
S. maltophilia as one of the leading multidrug-resistant organisms in clinical 
settings (Brooke, 2014).  
The molecular methods of antimicrobial-resistance include antibiotic-modifying 
enzymes (Li et al., 2003; Okazaki & Avison, 2007; Tada et al., 2014), 
lipopolysaccharide (Chang et al., 2015), multidrug efflux pump (Alonso & 
Martinez, 2000; Li et al., 2002; Crossman et al., 2008; Al-Hamad et al., 2009; 




et al., 2014a,b), beta-lactamases (Okazaki & Avison, 2008), Class 1 integrons 
(Barbolla et al., 2004; Toleman et al., 2007; Chung et al., 2015), reduction in 
outer membrane permeability, qnr gene protects bacterial topoisomerase IV 
and gyrase genes (Sanchez et al., 2009). 
Of the four species of Stenotrophomonas, S. maltophilia is the only human 
pathogen (Parkins & Floto, 2015). S. maltophilia survives on almost any humid 
surface (Chang et al., 2015) and has been isolated from endoscopes, 
nebulisers, suction tubing, haemodialysis dialysate samples, plant rhizosphere, 
taps, sink drains and showerheads (Brooke, 2012). It is also able to form biofilm 
on abiotic and biotic surfaces – this includes lung cells (Chang et al., 2015) and 
the biofilm are estimated to be associated with 65% of HAI (Brooke, 2012). 
Biofilm formation by S. maltophilia was not significantly prevented by silver 
nitrate, in fact, the silver concentrations decreased, which suggest that the 
organism absorbed the silver (Brooke, 2012).  
S. maltophilia has been described as an environmental organism, as well as 
one that wreaks havoc in healthcare settings. S. maltophilia isolated from CF 
patients have a far bigger antibiotic resistance than compared to non-CF 
isolates (Brooke, 2012; Canton et al., 2003). This organism is mainly linked to 
respiratory infections (Brooke, 2012), however, it is not the only infections it 
specialises in; S. maltophilia has been implicated in pneumonia (Fujita et al., 
1996; Sefcick et al., 1999), nosocomial-/ventilator associated pneumonia 
(Hanes et al., 2002; Tseng et al., 2009)., bacteraemia (Jang et al., 1992; 
Krcmery et al., 2004; Lai et al., 2004; Kagen et al., 2007), osteomyelitis 
(Landrum et al., 2005), cellulitis/myositis (Downhour et al., 2002), meningitis 
(Nguyen & Muder, 1994; Yemisen et al., 2008; Rojas et al., 2009), endocarditis 
(Gutiérrez Rodero, 1996; Aydin et al., 2000; Müller-Premru et al., 2008; 
Katayama et al., 2010), urinary tract infections (Vartivarian et al., 1996) and 
biliary sepsis (Papadakis et al., 1995). Because S. maltophilia is an 




inside, and outside the clinical setting. These include, in clinical settings: 
hemodialysis water of renal units (Arvanitidou et al., 2003), tap water 
(Arvanitidou et al., 2003; Denton et al., 2003; Cervia et al., 2010), endoscopes 
(Kovaleva et al., 2010),  ice machines (UK Department of Health, 1993; Bajaj 
et al., 2009), showerheads (Wang et al., 2009; Weber et al., 1999), water 
fountain drains (Brooke et al., 2009), microfiltered water dispensers (Sacchetti 
et al., 2009), water treated by filtration, reverse osmosis, UV exposure or 
deionization (Arvanitidou et al., 2003), and non-clinical settings: plant 
rhizosphere (Jakobi et al., 1996; Berg et al., 2005; Berg, 2009) water treatment 
process and distribution system (Hoefel et al., 2005), river water (Nakatsu et 
al., 1995), showerheads (Feazel et al., 2009), tap – and bottled water (Denton 
et al., 1998; Wilkinson & Kerr, 1998; Simões et al., 2007; Silbaq, 2009), biofilm 
on fractures in aquifers (Jägevall et al., 2011), snakes and dwarf crocodile 
(Harris & Rogers, 2001; Hejnar et al., 2007; Hejnar et al., 2010). 
CF is an autosomal recessive disorder that has a high prevalence in people 
with Caucasian ancestry, usually 2.9 in 10,000 people, with approximately 
1,000 new cases in the USA annually (Cystic Fibrosis Foundation, 2018). The 
gene that is responsible for 70% of CF cases in whites only cause 37% in 
(American) blacks (McColley et al., 1991). In South Africa, many patients are 
misdiagnosed and the incidence rate of CF among black people range vastly, 
between 1 in 784 and 1 in 13924 births (Padoa et al., 1999).  
P. aeruginosa is one of the many MDR organisms that causes respiratory 
infections, especially in patients with chronic lung diseases, such as cystic 
fibrosis (CF) (Brooke, 2012). This organism is able to survive on dry surfaces 
for months (Kramer et al., 2006) and have been proven to grow in antimicrobial 
hand soap (containing triclosan), this is a concern for hospital staff (Lanini et 
al., 2011), as this is the hand-sanitiser of choice.  Other bacteria commonly 
associated with cystic fibrosis, include S. maltophilia, Achromobacter spp., 




2015). Achromobacter and NTM are widely distributed in nature and not unique 
to CF, but both groups have been shown to have antimicrobial resistance 
(Sexton & Harrison, 2008; Lambiase et al., 2011). A. xylosoxidans and  
A. ruhlandii are the main isolates from CF patients, with no clear risk factors 
(Lambiase et al., 2011).  
There are diagnostic challenges with A. xylosoxidans and more than 10% of 
laboratories misdiagnose this organism (Lambiase et al., 2011). Mutations 
within the CF transmembrane conductance regulator (cftr) gene may 
predispose carriers to NTM infection, with 30-50% of patients with non-CF NTM 
pulmonary disease carry this mutation (Parkins & Floto, 2015; Bielen et al., 
2017) S. maltophilia in CF patients shows greater antibacterial resistance when 
compared to isolates of non-CF patients (Canton et al., 2003; Brooke, 2012). 
Although CF is mainly found in persons with European ancestry at a birth rate 
of 2.9 in 10,000 (American Thoracic Society, 2018), there are 1,000 new cases 
in the United States alone every year (Cystic Fibrosis News Today, 2018). The 
gene responsible for 70% of CF cases in Caucasians, cause 37% of CF cases 
in the American black population (McColley et al., 1991). In the black South 
African population, the incidence of CF is between 1/784 and 1/13942 births, 
with most cases being misdiagnosed (Padoa et al., 1999).  
Another emerging bacterial pathogen in CF is MRSA (Parkins & Floto, 2015), 
with first resistance only two years after the introduction of methicillin in 1959 
(Parkins & Floto, 2015). Prevalence of MRSA in CF patients have increased 
drastically in the past two decades in the United States, but have remained 
rather low in other countries, such as Australia Canada and Europe, suggesting 
other factors may be involved (Parkins & Floto, 2015). Some studies have 
suggested that polymicrobial infections may be more virulent than infections 
with a single species (Hendricks et al., 2001; Pastar et al., 2013). This may be 
the case of co-infection with MRSA and P. aeruginosa, as P. aeruginosa does 




colony variant (SCV) (Biswas et al., 2009). These SCV’s prove to be more 
antibiotic-resistant than regular MRSA colonies, with their respiration-defective 
subpopulation that causes the altered phenotype (Biswas et al., 2009; Nair et 
al., 2014). Although these two organisms mainly colonise the upper respiratory 
tract, they also cause middle-ear infection, chronic sinusitis and chronic 
adenoiditis (Bendouah et al., 2006; Boase et al., 2013). 
Hospital-acquired pneumonia is mainly caused by P. aeruginosa, MRSA, 
Acinetobacter baumanii and Enterobacteriaceae and multidrug-resistant 
strains are reported globally (Peleg & Hooper, 2010; Fukushi et al., 2011; 
Barbier et al., 2013). Of these, P. aeruginosa is responsible for a global 
prevalence rate of 25% in ventilator-acquired pneumonia (Kolleff et al., 2014) 
and may also cause multiple organ failure and septic shock (Bergen & Toney, 
1998). P. aeruginosa has a very negative prognosis for patients when isolated 
from biofilm on their endotracheal tube (Hotterbeeks et al., 2016). 
Until recently, the organisms most important and most often isolated from cystic 
fibrosis patients were Haemophilus influenzae and Staphylococcus aureus in 
infants and children, and Pseudomonas aeruginosa and Burkholderia cepacia 
in adults (Filkins & O’Toole, 2015). But things are changing, and so are the top 
infections in persons that suffer from CF. Achromobacter spp. are now 
classified as an emerging pathogen, in the context of CF (Davies & Rubin, 
2007; Emerson et al., 2010; Jakobsen et al., 2013), as they are able to produce 
biofilm, resist the most common types of disinfection (Jeukens et al., 2015; 
Günther et al., 2016), they can outcompete other resident microbiota (Talbot & 
Flight, 2016), are able to readily acquire antibiotic resistance (Trancassini et 
al., 2014) and quite easily establish chronic infections that cause inflammation 
(Hansen et al., 2010; Lambiase et al., 2011); this is much like P. aeruginosa 




The prevalence of Achromobacter spp. in CF patients (American) are 
estimated to be 10-20% (Lambiase et al., 2011; Tancassini et al., 2014). In 
Brazil, prevalence of A. xylosoxidans ranges from 2%-21.8% (Tan et al., 2002; 
Pereira et al., 2011), with other authors citing increases in Italy (16%) 
(Trancassini et al., 2014) and France (17.5%) (Amoureux et al., 2013) too.  
A. xylosoxidans was also the most prevalent in a Serbian study of clinical 
samples, where 81.3% were isolated from CF patients and 91.9% from non-CF 
patients (Filipic et al., 2017). There are currently more than 18 species, but of 
these, A. xylosoxidans are most prevalent in CF patients – even in non-
respiratory samples. The scientific community does not understand the genus 
Achromobacter very well and still has much to learn (Jeukens, 2017). NTM also 
play a role in CF-related lung disease, providing risk factors related to impaired 
mucociliary clearance, inflamed airways and structural lung damage (Sexton & 
Harrison, 2008; Parkins & Floto, 2015). 
S. maltophilia infections have been reported in intensive care units after being 
transmitted by hands of health care workers (Schable et al., 1991). Clinical 
isolates of this organism have been shown to have a higher rate of mutation 
than isolates from environmental sources, suggesting that clinical isolates are 
probably able to adapt to their local environment, e.g. in the lungs of CF 
patients (Berg et al., 1999). Berg and colleagues propose that environmental 
antibiotic resistance genes retain the genes when moving to a clinical setting 
(Berg et al., 2005). 
S. maltophilia pose a risk for all immunocompromised individuals, as the 
organism can grow and form biofilm in water distribution systems (Brooke, 
2012) and in aqueous environments with little to no nutrients (Brooke, 2012). It 
can also form biofilm on lung cells (de Abreu Vidipo et al., 2001; de Oliveira-
Garcia et al., 2003), Teflon, glass, and host tissues (Jucker et al., 1996; de 




2010). Of all hospital-acquired infections, biofilm is associated with 65% 
(Potera, 1999). 
4.5 Antimicrobial resistance  
All isolates confirmed by 16S rRNA sequencing was grown on Mueller-Hinton 
agar in order to prepare it for antibiotic testing. All of the organisms that could 
be grown were tested by the Kirby-Bauer method and interpreted as either 
“sensitive” (S), “intermediate” (I) or “resistant” (R), after measuring the zones 
of inhibition around each disc (Table 4.16). The reference ranges for data 
interpretation was sourced from the HiMedia Antimicrobial Susceptibility Test 
Discs package insert (HiMedia Laboratories, Mumbai, India), as well as the 
Clinical and Laboratory Standards Institute “Performance Standards for 
Antimicrobial Disk Susceptibility Tests (CLSI, Eleventh Edition, 2012). The 
antibiotics tested were: Ampicillin 10 µg (AMP10), Chloramphenicol 30 µg 
(C30), Cephalothin 30 µg (CEP30), Ciprofloxacin 5 µg (CIP5), Erythromycin 15 
µg (E15), Neomycin 30 µg (N30), Oxytetracycline 30 µg (O30), Penicillin-G 10 
units (P10), Streptomycin HLS 300 µg (HLS300), Sulphafurazole SF 300 µg 
(SF300), Trimethoprim TR 5 µg (TR5), and Vancomycin 30 µg (VA30).  
There are very few guidelines and literature available for antibiotic testing of 
environmental water samples. One study, which focuses on environmental 
water in South Africa, found that faecal coliforms were susceptible to 
streptomycin, neomycin and ciprofloxacin, with a high number of bacteria 
resistant to erythromycin (Mulamattathil, 2014). This study also found all 
isolates from their samples to be susceptible to ciprofloxacin – as was the case 
in this study presented here. The study also found resistance of up to eight 
antibiotics for Pseudomonas, but all susceptible to streptomycin, neomycin and 
ciprofloxacin. Our study differed, with Pseudomonas being resistant to 
neomycin. The study found a large proportion of the isolates were resistant to 




Pseudomonas showed more resistance to vancomycin. This trend is in 
accordance with other studies showing resistance to beta-lactams, macrolides 
and phenicols (Obi et al., 2004; Messi et al., 2005).  
In total, there were 184 isolates, from 11 genuses. In Table 4.16, the 66 
mycobacteria isolates are omitted, as they needed a different antibiotic panel 
to the rest of the bacteria. This antibiotic panel took very long to order and be 
delivered (delays of months) and by the time it arrived in South Africa, the 
mycobacterial growth had been contaminated. When trying to regrow the 
isolates from previous frozen samples, numerous presumptive strains of 
mycobacteria were found growing on the plates. There is no funding available 
to sequence each strain again before doing their antibiotic profiles and the 
samples are considered lost for the purpose of this study. 
Although clinically-relevant antibiotic resistant bacteria has been isolated 
mainly from areas with human intervention (Vaz-Moreira et al., 2014), antibiotic 
resistance is a naturally occurring property of bacteria, occurring in 
environments with little to no human impact (Allen et al., 2010; D’Costa et al., 
2006, 2011; Dantas et al., 2008, Riesenfeld et al., 2004; Segwa et al., 2013). 
Antibiotic production has been found to be as long ago as a million (10^6) to a 
billion (10^9) years (D’Costa et al., 2011). 
Mineral and spring water (originating in groundwater) cannot be disinfected 
(European Commission, 2009) and mirror the natural microbial populations of 
the aquifer (Vaz-Moreira et al., 2014). This can lead to bottled spring water 
(commercially sold in Italy, France, Portugal and other regions) containing up 
to 100 colony forming units per millilitre of several genera and species, 
including Klebsiella, Arthrobacter, Pseudomonas, Microbacterium and 
Staphylococcus (Massa et al., 1995; Mary et al., 2000; Messi et al., 2005; 
Zeenat et al., 2009; Falcone-Dias et al., 2012) and have resistance to more 




fluoroquinolones, carbapenems and 3rd-generation cephalosporins (Falcone-
Dias et al., 2012).  
It is thought that these multidrug-resistant phenotypes are intrinsic in the 
bacteria and it is highly unlikely that resistance transfer will occur to bacteria 
that are clinically relevant in humans (Vaz-Moreira et al., 2014). This intrinsic 
resistance is not easily transferable by horizontal gene transfer, as it represents 
a  specific phenotype of species or organism, a result from multiple genes, over 
a very long period of time – it is also not the consequence of adapting to 
antibiotics (Alvarez-Ortega et al., 2011). This form of native resistance 
represents an important part of the antibiotic resistome in the environment, as 
approximately 3% of the genes in a bacterial genome may be related with these 
intrinsic resistance processes (Fajardo et al., 2008). 
S. maltophilia is classified by the WHO as one of the leading multidrug-resistant 
bacteria in a hospital setting; risk factors include: underlying malignancy, organ 
transplantation, HIV-infection, cystic fibrosis, prolonged hospitalisation, ICU 
admission, mechanical ventilation, indwelling catheters, recent antibiotic 
therapy and corticosteroid-/immunosuppressant therapy (Chang et al., 2015). 
In a recent study in of 16,234 clinical specimens in Delhi, India, 2734 
pathogenic bacteria were isolated; of these, statistics show that 78.2% of  
S. maltophilia isolates were from males, and 21.7% were from females (Nayyar 
et al., 2017). Similar rates of S. maltophilia were found in Karnataka, India in a 




Table 4.16 Antimicrobial susceptibility test results (abbreviated antibiotics elaborated upon in footnote) (n=118). 
Species (n) AMP10 C30 CEP30 CIP5 E15 N30 O30 P10 HLS300 SF300 TR5 VA30 
Achromobacter spp. (20) S S I S R S I R S S R R 
Arthrobacter nicotinovorans (2) R I R I R I I R S R R R 
Caulobacter segnis (4) R R R I R I R R S I R R 
Enterobacter spp. (18) S S R S I I I R S S S R 
Klebsiella oxytoca (2) S I I S I S R R S I S S 
Klebsiella variicola (2) S R I S R I R R S S R R 
Microbacterium spp. (14) R S R S I I R R S S S S 
Paenibacillus validus (2) R R R S I I R R S S R R 
Pragia fontium (2) S S R S I I R R S S S R 
Pseudomonas fluorescens (10) R R R S R I I R S R R R 
Pseudomonas koreensis (4) R R R S R S R R S R R R 
Pseudomonas monteilii (2) R S R S R R R R S S S R 
Pseudomonas putida (4) R R R S R I I R S R R R 
Pseudomonas rhodesiae (2) R R R S R S I R S R R R 
Pseudomonas spp. (12) R R R S R S R R S R R R 
Stenotrophomonas maltophilia (16) R S R S R R R R S S R R 
Stenotrophomonas rhizophila (2) R S R S I S R R S S R I 
Ampicillin 10 µg (AMP10), Chloramphenicol 30 µg (C30), Cephalothin 30 µg (CEP30), Ciprofloxacin 5 µg (CIP5), 
Erythromycin 15 µg (E15), Neomycin 30 µg (N30), Oxytetracycline 30 µg (O30), Penicillin-G 10 units (P10), 
Streptomycin HLS 300 µg (HLS300), Sulphafurazole SF 300 µg (SF300), Trimethoprim TR 5 µg (TR5), and 




In a very comprehensive review, Brooke (2012) found S. maltophilia clinical 
isolates to have a higher mutation rate than environmental isolates; it is 
proposed that the resistance-gene is acquired in the environment and 
retained once in a clinical setting. This organism is able to live in nutrient-
poor environments and treatments for the MDR organism include softeners 
and sand filters, reverse osmosis, bacterial filtration, ultraviolet exposure, 
deionization and double reverse osmosis (Brooke, 2012). But as a rule, 
filtration has limited efficacy on Stenotrophomonas spp., Microbacterium 
spp., Pseudomonas spp., Aeromonas spp., Sphingomonas spp. and Vibrio 
spp. because they are able to reduce their energy cost of chemotaxis by 
forming ultramicrocells (0.1-0.2 μm) in water when they are starved or 
stressed (Brooke, 2012). 
We entered the era of antibiotic resistance almost as soon as the first 
antibiotic was created. People’s lack of respect and understanding created 
a monster that is now unable to be tamed, and the most vulnerable is at risk. 
Many organisms are inherently resistant so some antimicrobials, but most 
of these were never seen in infections. The first bacterium that really 
brought infections like MDR and XDR to the attention of the masses was 
TB; it is not even a decade after people were first diagnosed, and died of 
these almost untreatable infections, and most people are once again 
stopping their treatment as soon as they start to feel better. In the case of 
South Africa, persons officially diagnosed with TB will receive a grant of 
approximately R1,000 per month. This has led to TB sufferers halting 
treatment in order to stay ill and get grant money – thus infecting more and 
more people. Others have started selling their TB positive samples to others 
who want to receive grant money (City Press, 2009) – thus defrauding the 
health system and the country, as a whole, and making a lucrative business 
out of being an active role player in enlarging the TB pool. Due to extreme 
poverty, this is not a practice that will soon end, and similar scams like it are 




In 2013, the then director of the Centres for Disease Control and Prevention, 
Tom Frieden, warned: “If we’re not careful, we will soon be in a post-
antibiotic era” (CDC Press Briefing, 16 September 2013); a few short years 
later, we have arrived at this dreaded point. In August of 2016, a woman 
was diagnosed with an infection in her hip, caused by Klebsiella spp. Not a 
strange occurrence in itself, but in this case, the organism was resistant to 
all 26 antibiotics used and the patient died of septic shock (McCarthy, 2017). 
The Review on Antimicrobial Resistance estimated the number of deaths 
due to antibiotic resistant bacterial infections to be as high as 700,000 
annually (Review on Antimicrobial Resistance, 2014). In 30% to 50% of 
cases in the US, either the choice of antibiotic or the duration of therapy was 
incorrect (CDC, 2013; Luyt et al., 2014). Luyt et al. (2014), found 30% to 
60% of antibiotics prescribed in intensive care units to be sub-optimal, 
inappropriate or unnecessary.  
Development of much needed immunity to bacteria can be compromised by 
antibacterial soaps and other cleaning products that increase morbidity and 
mortality due to infections that isn’t normally virulent (Golkar et al., 2014; 
Michael et al., 2014). Today, resistance can be found in mycobacteria 
(Andini & Nash, 2006; Gagneux et al., 2006), viruses (Kuritzkes, 2006; 
Monto et al., 2006), parasites (Schunk et al., 2006; Xiao et al., 2006) and 
fungi (Katiyar et al., 2006; Mentel et al., 2006). 
In a 2009 study, Liu & Pop stated that there are more than 20,000 potential 
resistance genes of nearly 400 types – thankfully, the functional resistance 
determinants are far less. Unfortunately, mainly E. coli spp. have been used 
to study these resistance genes, if more organisms had been included, we 
may know of far more today (D’Costa et al., 2006; Dantas et al., 2008).  
In the global report on surveillance of antimicrobial resistance by the World 
Health Organization in 2014, they state the alarming facts of drug-
resistance, with regard to the “big three” (Bourzac, 2014), namely, 




estimate that 3.6% of newly diagnosed TB cases and 20.2% of previously 
treated TB cases have multidrug-resistant (MDR) TB; with the highest rates 
seen in central Asia and Eastern Europe (WHO AMR Report 2014). In 
Europe, Australia, Japan and the United States, it is seen that 10-17% of 
HIV patients with no prior antiretroviral therapy, is resistant to at least on 
antiretroviral drug (WHO AMR Report 2014). When looking at malaria, 
Thailand, Cambodia, Myanmar and Vietnam all have either suspected or 
confirmed cases of artemisinin-resistance (WHO AMR Report 2014). In 
eastern India, a novel mutation has been associated with artemisinin 
resistance (Das et al., 2018) and antimalarial resistance has spread across 
southeast Asia since dihydro-artemisinin-piperaquine has been used as the 
first-line treatment (Amato et al., 2018). Global surveillance is aided by 
molecular marker testing of these artemisinin resistance markers (WHO, 
2018). 
Presence of multidrug-resistant Gram-positive and Gram-negative 
pathogens have not only increased in hospital settings, but also in the 
general community (Giske et al., 2008; Rice, 2008; Spellberg et al., 2008). 
Currently, the mortality rate of antibiotic infections is staggering, at more 
than that of HIV and TB combined (Klevens et al., 2006; Boucher & Corey, 
2008). In recent years, research groups have started to refer to a group of 
nosocomial bacteria, that happen to be mostly MDR, as “ESKAPE 
pathogens” (Rice 2008; Bush, 2010). This group is made up of: 
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp. 
(Rice, 2008). These bacteria cause infections in immunocompromised and 
critically ill patients and some argue that Stenotrophomonas maltophilia  
(S. maltophilia) should be added to this group (Barsby & Johal, 2016). The 
mechanisms these organisms use to infer antimicrobial resistance include: 
drug inactivation or -alteration, modification of the binding site for drugs, 
reduced intracellular drug accumulation and biofilm formation (Santajit & 




Gram-negative and is characterised by drug-resistance mechanisms (Rice, 
2010)  
Achromobacter spp. have innate resistance against a number of antibiotics: 
aminoglycosides, aztreonam, and cephalosporins (the last two are beta-
lactams) and also those used in treatment of CF (Glupczynski et al., 1988; 
Saiman et al., 2001; Almuzara et al., 2010; Tom et al., 2016). Jeukens et al. 
showed that clinical isolates of the organism have more resistance genes 
than other isolates (2017). Studies also suggest that efflux pumps are not 
only active in exporting antimicrobials from the organism, it also plays a role 
in the bacterial virulence of the bacterium (Alcalde-Rico et al., 2016). With 
so many people across the globe abusing antibiotics, there are more 
avenues than before into the greater hospital microbiota; the use of 
cephalosporins outside of the hospital setting contribute to emergence and 
multiplication of E. cancerogenus in communities (Demir et al., 2014).  
Antibiotic resistance of S. maltophilia was also seen when isolated from 
deep-sea invertebrates and six S. maltophilia isolates from yellowtail fish 
(marine fish farm) showed resistance to ampicillin, panipenem, cefotaxime 
and ceftazidime (Brooke, 2012). The antibiotic profile of S. maltophilia is not 
associated with the origin, this suggests that strains did not require 
resistance during antibiotic treatment in the clinical setting (Berg et al., 
1999). There is also vast diversity when it comes to ribotypes of hospital 
strains, with not one single-strain outbreak reported yet (Berg et al., 1999).  
Of all the antibiotic resistant organisms, it can be safely said that methicillin-
resistant Staphylococcus aureus (MRSA) is probably the best known in 
scientific and non-scientific communities alike, it was discovered over five 
decades ago (Spellberg & Gilbert, 2014). In terms of threats, this organism 
ranks high on the list, as it kills more people in the United States of America 
than HIV/AIDS, homicide, Parkinson’s disease and emphysema combined 
(Gross, 2013; Golkar et al., 2014), that equals 11,285 deaths annually 




prevent health care-associated infections (HAIs), there is evidence of a slow 
decrease in these settings (Rossolini et al., 2014). Unfortunately, the rate of 
community-acquired MRSA infections has increased rapidly in the past 
decade (CDC, 2013) – evidence shows that these infections are now slowly 
decreasing, but not nearly as fast as the hospital-acquired infections (CDC, 
2013). Another therapeutic challenge is vancomycin-resistant enterococci 
(VRE), causing mainly HAIs including urinary tract -, blood stream -, and 
surgical-site infections (Sengupta et al., 2013). Other notable problem-
causing organisms include: carbapenem-resistant Enterobacteriaceae 
(CRE), MDR Pseudomonas aeruginosa, MDR Acinetobacter, extended 
spectrum beta-lactamase (ESBL) - producing Enterobacteriaceae and drug-
resistant Neisseria gonorrhoeae (Ventola, 2015). All of these organisms 
place an enormous burden on the health-care system of countries with 
these infections; in America alone, this burden is said to be approximately 
US$ 20 billion per year (Golkar et al., 2014). 
In 2013, Falagas et al. published statistics that show the prevalence of 
MRSA in most African countries is less than 50% but rising since 2000. 
South Africa is the only country that shows a decline in MRSA cases, with 
36% in 2006 to an average of 24% in the years 2007 to 2011 (Falagas et 
al., 2013). From September 2012 until September 2013, 442 cases of  
S. aureus bacteraemia were isolated in South African academic hospitals, 
of these, only 240 (54%) has antibiotic susceptibility testing done and 36% 
was MRSA (Fortuin - de Smidt et al., 2015). 
4.6 Point-of-use water treatment 
A last consideration is the use of ceramic filters to remove amoeba and 
amoeba resistant bacteria from the water. When looking at studies done on 
these particular ceramic filters, it is said that the pore size should be 
approximately 0.6 µm to 3 µm, but cracks in the ceramic could create 
spaces with lengths of between 150 µm to 500 µm (Lantagne, 2001). With 




80 µm (Visvesvara, 2013), the proposed pore size from manufacturers 
seem adequate, but the cracks will allow both forms of FLA to pass through 
the filter.  
Table 4.17 Average sizes of trophozoites and cysts of most commonly 
isolated amoebae (Visvesvara, 2013). 
Free-living amoeba Trophozoite size Cyst size 
Acanthamoeba spp. 14 – 40 µm 10 – 25 µm 
Balamuthia mandrillaris 12 – 60 µm 12 – 30 µm 
Naegleria fowleri 10 – 25 µm 7 – 14 µm 
Sappinia pedata 40 – 80 µm 15 – 30 µm 
Another study on these filters also found that those manufactured in Ghana 
showed less effectivity than others manufactured in Nicaragua and 
Cambodia; for example: the Ghanaian filters with added colloidal silver 
performed exactly the same in removing microbial matter than the 
Nicaraguan filter without colloidal silver (Van Halem, 2006).  
For this study, PFP filters were bought from Ghana. In a previous study, 
filters from Ghana, Cambodia and Nicaragua were compared with rigorous 
testing; whilst the filters from Nicaragua almost always reached the WHO 
guidelines in removal of E. coli specifically, both Cambodia and Ghana 
failed (Van Halem et al., 2007). The Ghanain filters also had fluxes greater 
than the 2 litres per hour boundary, which indicates a flow rate not 
compatible with the removal of microorganisms (Van Halem et al., 2007). 
Of the filter units from the three countries tested, the ones from Cambodia 
and Nicaragua were very much alike – all filters were smooth and perfectly 
similar. The Ghanaian filters were rough (due to a protective layer in the 
press mould), with shapes that are not identical, and the rims of the filters 
were not always straight (Van Halem, 2006). All three countries did have a 




The data recorded in this study presented here, does not agree with data 
found in other, similar studies done to investigate the effectivity of the filters. 
This is the first such study to be done in a rural South African setting, 
specifically looking at the effect of the filter on both FLA and ARB in borehole 
water used for human consumption. Not only does our microbial picture 
differ from other areas, but all results point to the fact that the ceramic filters 
provided from a Ghanaian manufacturer is not as efficient as was initially 
hoped. This, sadly, may give a false sense of security to the users of the 
filters. Neither bacteria, nor amoebae, were significantly reduced by the use 
of the filter. 
Presence of amoebae in a water source, such as the participants of this 
study use, is understandable – with no treatment and many contributing 
factors to the contents of the groundwater. The conundrum is then: why are 
there more amoebae in filtered water than in source water; is it possible that 
the large cracks in the filter may be responsible for the amoebae passing 
through, and does this mean that if the filtered water in the unit is not used 
timeously, the amoebae then multiply? This theory has merit, as Lantagne 
found (when testing the PFP household water treatment filter for USAID) 
that cracks in the filter may measure up to 150 μm, and spaces could be as 
large as 500 μm (Lantagne, 2001). Pore sizes range from 0.6 to 3 μm in 
areas without spaces or cracks (Lantagne, 2001). 
All ceramic filters distributed to study participants were coated with colloidal 
silver by the manufacturer. Unfortunately, no studies could be done to 
compare the effectivity of the added silver, as no filters without silver were 
available. Other studies (Lantagne, 2001; Van Halem, 2006; Bielefeldt et 
al., 2010) found that the silver did increase the disinfection of the water, 
when compared to filters without added silver.  
Silver in ceramics have different mechanisms of action; of which the three 
main ones are: 1) interacts with nucleic acids, 2) produces bacterial cell 




cell (Russel, 1994; Lantagne, 2001). In 1993, Heinig showed strong 
bactericidal activity, when the silver had a catalytic reaction with oxygen. 
Many mechanisms play a role, but the antimicrobial effect has been known 
to purify water for centuries (Lantagne, 2001), with the first use of silver 
nitrate by Crede (1881). Use of silver in these ceramic filters is not a risk to 
human health. Results in a study by Lantagne in 2001 proved that all 
concentrations of silver after filtration were well below the WHO standard. 
Added silver nitrate is not the “silver bullet” it once was thought; in some 
organisms, the silver is practically useless. In the case of S. maltophilia 
biofilm, the silver nitrate did not significantly prevent biofilm formation and 
the silver concentrations decreased, suggesting that the biofilm was able to 
absorb the silver (Brooke, 2012). 
In a Water Research Commission (WRC) project, the filtration rate of the 
Potpaz filters was said to be between 1.5 and 2.5 litre per hour (Potpaz 
leaflet, Appendix D). When tested, only 38% of the filters from Ghana could 
deliver that filtration rate, with some being too fast and others too slow. The 
Potters for Peace website places the benchmark at between 1-3 litres per 
hour. Of the 309 filters in the study, 77% achieved this (WRC report 
2195/1/14). Lantagne (2001a) stated that all PFP filters that do not fall into 
this benchmark range are discarded. If the same principles were to be used 
for the Ghanaian filters, 37% of the entire shipment would have been 
discarded. The importance of the filtration rate is to allow the water to have 
ample contact time with the colloidal silver in order to be an effective 
antibacterial agent. 
In the WRC project, study participants were asked how they experienced 
the filter’s effectivity. Participants said the water had a better taste, colour, 
smell, it was cooler and clearer after filtration. Other factors that could 
influence cleanliness of the filter units is the washing techniques used in the 
household. Was filtered or dirty water used to clean unit? Was the unit 
washed with the same dishcloth used in other parts of the kitchen? These 




impact on the human health of the filter users. In a study done by Keshav 
et al. (2015), it was found that E. coli are present on many dishcloths used 
in homes. It could be due to reasons such as: dishcloths are contaminated 
by food, or by dirty hands after bathroom visits, or because the water source 






















The aim of this study was to explore groundwater, household stored and 
household point-of-use treated water in rural households in order to isolate 
and identify ARB’s and FLA. In an arid country such as South Africa, 
groundwater is used as the sole source of water for millions of people. This, 
in itself, is not necessarily a concern. The problem arises when the man on 
the street still assume that groundwater is clean and drinkable with no 
treatment necessary. One could assume that groundwater used to be very 
clean, having been filtered by ground and stone over many years. But with 
the population boom, unsanitary hygiene practices in rural communities (not 
of their own choosing, but because of political reasons not delivering much 
needed services to people), agriculture involving animals, drainage from 
mines and wrongful discarding of medical waste, the water underneath us 
has turned into a cocktail of chemicals and microorganisms. 
With all of the evidence presented, some organisms recovered from 
groundwater in this study poses a real health risk to users of the water. It is 
very possible that most people living in the study area and using this water 
for years have some acquired resistance to the organisms present. 
However, this does not safeguard children, pregnant women, or any person 
in the community with a weakened immune system. The nature of work 
done by the study participants, mainly manual labour in a farm setting, also 
opens up new avenues for the organisms to enter their host, as many 
workers may have scrapes, cuts and other lesions that break the skin. 
Amoebae are emerging pathogens in two capacities: 1) with more people 
travelling and enjoying recreational water use, more people are exposed to 
these organisms, and 2) more bacteria have adapted to live and multiply 
within amoebae – thus the Trojan-horse theory causes amoebae to play a 
bigger role together with other organisms emerging as pathogens. 




infections it caused and lives it took. Of course, the dramatic headlines that 
read: “brain-eating amoebae” sent shockwaves through America when it 
claimed young lives in recent years. The reality isn’t less dramatic. 
Another big contributor to these types on infections are neti pots that are 
prescribed by some alternative medicine practitioners, without proper 
instructions on how to sterilize the water used. It may be safe to assume 
that the surface water in the sampling areas may contain similar organisms 
to the ones isolated from the groundwater. In that case, all the children who 
swim in the dams and ponds are likely to be exposed to several kinds of 
amoebae and bacteria.  
Amoebae also play a role in the infection of immunocompromised people. 
Whether immunocompromised as a result of pregnancy, HIV, cancer, 
immunosuppression for tissue transplant – amoebae might cause infection. 
Unfortunately, many amoebal infections (and fatalities with central nervous 
system infections) are seen in immunocompetent individuals.  
When looking at general health statistics in SA and at the study sites, it can 
be assumed that a large proportion of the study participants may be HIV-
positive. In this case, skin lesions could be more problematic than in urban 
dwellers, as most study participants do manual labour every day. Especially 
farm workers may be more exposed to other microorganisms through the 
break in their skin barrier; animals seen in the study sites included: cattle, 
goats, horses, chickens, turkeys, dogs, cats – all of which could cause a 
secondary infection through a skin lesion. There were also witchcraft 
present in some communities, with animal parts cut off and left to 
decompose at will at home entrances and clothing lines – this not only 
attracts flies and rodents, but it is within reach of children and could be very 
dangerous. This may also end up in water sources and contaminate it. 
Although the study area is rural, it was felt that the emphasis on clinical 
manifestations and – infections should be mentioned, in light of the 




been rather harmless environmental organisms a long time ago.  This also 
emphasises the need for clean water sources, so more resistant organisms 
are not bred and later taken to hospital settings where more people are 
infected or, worst case, killed by these organisms. This was a key limitation 
of the study, the fact that mere assumptions can be made as to the clinical 
outcomes. A recommendation would be to go back to the communities with 
the proper ethical clearance and support from the Department of Health, to 
determine whether the organisms found could cause harm in the population. 
A serious point of concern is the point-of-use ceramic filters used by 
households for treatment of the source water. Although not investigated in-
depth in this study, there was a very large number of organisms present in 
the filtered water, which may give the user a false sense of security. The 
filters were not inefficient by any fault of the user; as all study participants 
were shown how to clean and care for the filter before the first use. With 
sampling each month, it was found not one filter, or the plastic container it 
is housed in, to be badly kept or dirty in any way (except for one of two of 
which the ceramic part had broken). As stated earlier in the text, the problem 
most likely lies with the specific manufacturer, as other studies have also 
found that the quality of the Ghanaian filters were not as good as many 
others produced globally.  
The filters were shipped in a container directly from the factory in Ghana to 
Cape Town harbour. When the filters were tested in the larger project (that 
this project made up a part of, WRC report 1653-2-11), it was found that the 
flow rate did not fall within the acceptable criteria as published in seminal 
articles about the Potpaz filters. Of the 400 filters, 148 did not conform to 
the standard that the company promises. Unfortunately, due to funding, 
there could not be another shipment ordered and the filters had to be used 
as is. It is therefore important that more studies are needed to test suitability 
and effectivity of point-of-use treated systems before implementation of 




Further studies are needed on the microbiome of groundwater in South 
Africa and whether the organisms found are pathogenic or not, also whether 
the pathogenic organisms would be killed by first-line antibiotics. Other 
point-of-use filter options should also be investigated, to ensure clean 
drinking water for groundwater users. Any other cost-effective water 
treatment options should also be investigated, as these rural communities 
will not be able to afford expensive filtration devices but will definitely need 
to clean their water properly – thereby not adding to the financial burden of 
the healthcare system in South Africa by getting ill from preventable water-
borne diseases.  
A limitation of this study was the NNA-E. coli plate method used to recover 
FLA from water samples (although the isolation process used is seen as the 
gold-standard in isolation of amoebae). Only FLA that are able to grow on 
this media, and using E. coli as foodsource, could be identified – thus, it is 
possible that some genera may have been missed. An advantage of this 
project’s cuture-based approach is the possibility ot charachterize the 
phenotype of bacterial isolates, in terms of antimicrobial resistance. 
Another limitation of this study was the lack of antibacterial resistance-
/susceptibility profiles of the mycobacterial organisms. Due to the time 
lapsed from the first round of testing and confirmation of mycobacterial 
species, to the time of antibiotic susceptibility testing, samples were 
contaminated and some were not viable anymore. Unfortunately, this was 
the reason that the AST could not be done for the species of 
Mycobacterium. 
Overall, all of the objectives have successfully been investigated. Various 
FLA (Tables 4.4 - 4.5) and ARB (Tables 4.11, 4.13, 4.14, 4.15) were 
isolated using standard isolation techniques; PCR, as well as 16S rRNA and 
18S rRNA sequencing has confirmed the presence of specific pathogenic 




susceptibility patterns (Table 4.16) of the molecular identified organisms 
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Yeast extract HG000BX6.500 Biolab (South Africa) 
Tryptone T-9410 
Sigma-Aldrich (United 
States of America) 
1.5ml Eppendorf® tubes T9661 
2ml Eppendorf® tubes T2795 
Parafilm M® P7793 
Cellstar® 24-well microtiter plates M8812 
Fine balance Explorer Ohaus (U.S.A) 
Autoclave HiClaveTM HV-50 Hirayama (Japan) 
Filtration manifold Model 16843 Sartorius (Germany) 
Water-bath (34 litre) Model 132 
Labotec (South Africa) 
Water-bath circulator Model 103 
Light microscope Model BH2 Olympus (Japan) 




Ampicillin 10mcg SD002 
Chloramphenicol 30mcg SD006 
Cephalothin 30mcg SD050 
Ciprofloxacin 5mcg SD060 
Erythromycin 15mcg SD013 
Neomycin 30mcg SD022 
Oxytetracycline 30mcg SD027 
Penicillin-G 10 units SD028 
Streptomycin 300mcg SD236 
Sulphafurazole 300mcg SD032 
Trimethoprim 5mcg SD039 
Vancomycin 30mcg SD045 
Dextrose LP0071 
Oxoid (United Kingdom) 
 
Alkaline peptone water CM1117B 
Thiosulphate Citrate Bile salts 
Sucrose 
CM0333B 
Xylose Lysine Deoxycholate CM0469B 
BrillianceTM E. coli/ coliform 
selective media 
CM1046B 
Charcoal yeast extract CM0655B 




hydrochloride, Polymixin B 
sulphate & Cycloheximide 
SR0152 
Middlebrook with OADC T3440 
Legionella Latex Test DR0800M 
Mueller Hinton agar CM0337B 
Carbol fuchsin  
Diagnostic Media 
Products (South Africa) 
3% acid alcohol  
Methylene blue  




0.45μm filter membrane HAWP02400 Merck Millipore (USA) 
Software Mega 6.06 Mega Software (USA) 
Inverted microscope Model DMIL Leica (Germany) 
Saline solution V1204 Biomerieux (France) 
Swabs PS cotton in PP tube sterile 300261 Deltalab (Spain) 
Inoculating loops, 10ul 612-9354 VWR Avantor (Belgium) 
 
Antibiotics used for the experimental work 
Antibiotic Abbreviation Expiry date Concentration 
Ampicillin AMP10 01/2019 10mcg 
Chloramphenicol C30 09/2019 30mcg 
Cephalotin CEP30 09/2018 30mcg 
Ciprofloxacin CIP5 10/2019 5mcg 
Erythromycin E15 08/2019 15mcg 
Neomycin N30 12/2018 30mcg 
Oxytetracycline O30 11/2018 30mcg 
Penicillin-G P10 03/2019 10 units 
Streptomycin HLS300 12/2018 300mcg 
Sulphafurazole SF300 09/2019 300mcg 
Trimethoprim TR5 09/2019 5mcg 

















An American Type Culture Collection (ATCC) Acanthamoeba castellanii 
(A. castellanii; ATCC 30010) strain was obtained from the National Institute 
for Communicable Diseases (NICD) division of the National Health 
Laboratory Service (NHLS). This strain was presented as lyophilised 
organisms on glass beads. One glass bead was aseptically placed into a 
tissue culture flask containing 30ml PCB. The flask was left at room 
temperature (which was kept at a constant 23°C with air-conditioning) and 
gently shaken daily. On the second day, the amoebae were visualised under 
an inverted microscope and sub-cultured to create a large bank of type 
strain to use for the experiments. 
The Escherichia coli type strain (E. coli; ATCC 25922) strain was also 
procured from the NICD and used as a heat-killed food source. The type 
strain was inoculated onto a sterile NA plate and incubated at 37°C. When 
growth was observed on the plate, it was transferred to the refrigerator (4°C) 
and sub-cultured each fortnight. The E. coli colonies were removed with a 
sterile swab and suspended in 9ml sterile distilled water in a 15ml conical 
tube when needed. This suspension was heat killed by placing the tube in 
a boiling water-bath (Model 132, Labotec) for at least one hour. Two NA 
plates were inoculated with the heat-killed E. coli and incubated overnight 
at 37°C to ensure that the bacteria were dead before using them in the 
amoebal enrichment process. 
 
 
